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Understanding plastic pollution in the Laurentian Great Lakes system requires investigation 
of all plastic debris sizes and categories. Visible polymeric debris (VPD) mainly characterize 
shorelines, and microplastics (MPs; <5 mm) are found in benthic and beach sediment. Field 
sampling of VPD from all five Great Lakes, visual and chemical identification of VPD types, 
and implementation of a matrix scoring technique (MST) indicate that plastic industries, 
urban areas, and shoreline recreation are major sources of VPD. Sampling for MPs in the St. 
Clair system, followed by preliminary density separation, and microscopy, suggest that 
wastewater treatment plants are a major source. This work is the first freshwater study to use 
an MST and the largest published lacustrine VPD study. The results should encourage 
industry, policy makers, and the general public to work towards a circular economy. 
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Summary for Lay Audience 
The Laurentian Great Lakes and their tributaries are major sinks for plastic debris. Visible 
polymeric debris (VPD) were sampled from 66 beaches across all five Great Lakes. All VPD 
were categorized, and multiple determinations and analyses were made based on the 
characterizations. In total, 21,595 VPD items were collected. Plastic pre-production pellets, 
attributed to the plastics industry, were characterized as a part of a separate, published study. 
These pellets were the most abundant VPD, accounting for 12,595 items or 58.3% of the total 
count. 
Detailed, multi-step characterizations of all VPD items were performed by morphology (e.g. 
film, fragment, textile, pellet), colour, size fraction (micro: 1-5 mm; meso: 5-25 mm; and 
macro: >25 mm), and whether the item was intact. When appliable, VPD were described by 
item use (e.g. pen), polymer (e.g. polystyrene), and other materials present (e.g. aluminum). 
Polymers were identified through a variety of methods including physical identification and 
known usage in conjunction with a spectrometer. This study represents the first to use 
multiple identification methods supplemented with spectroscopy for polymer determination. 
Branded items were assigned to parent companies, and country of origin (US or Canada) was 
determined when possible, whereas multiple categorization schemes were applied based on 
item use. The top 50 ranked items, excluding pellets, were scored with a matrix scoring 
technique (MST) to determine the probable origin of VPD from three general sources – 
shoreline recreation, sewage related debris (urban sources), and agriculture. It was 
determined that VPD in the MST mostly originated from shoreline and urban sources, 
whereas pellets originated from the plastics industry. Additional evidence, including the 
presence of shotgun wads/gas seals and intact cigarette butts on beaches, points to a strong 
influence of local sources. 
Additionally, microplastics were sampled from St. Clair system benthic sediment and beach 
sediment. Although this research is ongoing, potential microplastic concentrations from 
benthic sediment samples are within the range reported from other Great Lakes samples. The 
results from this study should encourage a move towards a more circular economy and 
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Chapter 1  
1 Introduction 
1.1 Plastics and Society 
The first thermoplastic, Parkesine, was created in 1855 by Alexander Parkes (Parkes, 
1865; Plastics Europe, 2018). The first fully synthetic plastic, Bakelite, was a phenol 
formaldehyde resin synthesized by L.H. Baekeland at the turn of the twentieth century 
(Baekeland, 1909). Although plastics were used for select specialty military goods in the 
few decades that followed, large scale plastics production only began after World War II, 
around 1950 (GESAMP, 2016; Geyer et al., 2017). In 1950, approximately 2 million 
metric tons (Mt) of plastics were produced globally and by 2018, global production 
reached nearly 360 Mt annually (Geyer et al., 2017; Plastics Europe, 2019). As of 2015, a 
cumulative 8,300 Mt of plastics have been manufactured (Geyer et al., 2017). Of the 
5,800 Mt of plastics used once, a meager fraction (100 Mt; <2%) has been recycled and is 
still in use (Geyer et al., 2017) (Figure 1-1). In the US in 2018, plastics accounted for 
12.2% of total municipal solid waste (MSW) generated, about the same percentage as 
yard trimmings (12.1%), and less than paper and paperboard (23.1%) and food waste 
(21.6%) (USEPA, 2021). However, 63% of yard trimmings were composted and 68% of 
paper and paperboard was recycled, compared to 9% of plastics (USEPA, 2021).  
Plastics have made the modern world possible. They are ubiquitous in society and are 
used in electronics, medical devices, tires, textiles, and countless other essential goods. 
Table 1-1 provides a list of commonly manufactured plastics. This list is far from 
comprehensive and does not include additives used in the manufacturing process. 
Unfortunately, many of the attributes that make plastic so desirable (e.g. low cost, 
resistance to degradation, versatility) have led to its widespread pollution of the 
environment. Between 4.8 and 12.7 Mt of plastics are estimated to have reached the 
ocean in 2010 (Jambeck et al., 2015). The problem of plastic pollution is especially 
prevalent in low- and middle-income countries, where just 10 rivers are estimated to 
transport between 88% and 94% of global riverine plastic loads to the ocean (Schmidt et 
2 
 
al., 2017). It is estimated that even with the implementation of all feasible strategies to 
reduce plastic pollution, 710 Mt of plastics will enter the environment by 2040 (Lau et 
al., 2020). The presence of plastics is so widespread in the environment that they are 
considered as one of many stratigraphic indicators of the proposed Anthropocene epoch 
(Zalasiewicz et al., 2016).  
 
Figure 1-1: Sankey diagram showing global plastic production and fate from 1950 to 2015, in million 
metric tons (Mt). Adapted from Ritchie (2018). Graphic created under a CC-BY-4.0 license, using 
data from Geyer et al. (2017). 
Biodegradation rates of polymers vary drastically, although most polymers are 
recalcitrant to biodegradation. Water soluble polyvinyl alcohol (PVAL) biodegrades in 
days to weeks in a variety of conditions (Halima, 2016). On the other hand, other 
polymers take hundreds of years to an indeterminate amount of time to biodegrade, as 
current methods of measuring biodegradability of long-lived polymers are insufficient. 
Degradation rates are largely a function of polymer type, additives, and environmental 




Table 1-1: Commonly manufactured plastics and their applications. Sources: (1) CROW, 2019, (2) 
ECCC & HC, 2020a, (3) Andrady, 2011, (4) GESAMP, 2015, (5) Hidalgo-Ruz, 2012, (6) 
SpecialChem, 2020, (7) ASTM International, 2020. RIC = Resin Identification Code.  
Polymer 
Abbreviation/ 
Select Common or 
Trade Name(s) 1,6 Applications 2,3,4 
Density (g 





Rigid to flexible packaging (e.g. soda 






Rigid to flexible packaging (e.g. plastic 
bags, six pack rings, laundry bottles, 
milk jugs, shampoo bottles), agriculture 
film, houseware, electrical insulation, 




HDPE 0.94–0.97  4 
Polyvinylchloride PVC, V/ 
Vinyl 
Construction (pipes, profiles, flooring), 
sheet fabrics, coated fabrics, electrical 
insulation, traffic cones, vinyl records, 





Polypropylene PP/Olefin Rigid to flexible packaging (e.g. bottle 
caps, reusable containers), automotive, 
houseware, electrical insulation, ropes, 
N95 masks, reusable bags, textiles. 
0.90−0.91 5 
Polystyrene PS/Styrofoam™ Plastic utensils, food containers, 






Impact resistant glass replacement in 
automotive, construction, medical, 
electronics, and sports applications, 
winter clothing. 
1.09−1.20 7 
Polycarbonate PC/LEXAN™ Impact resistant glass replacement in 
automotive, construction, medical, 
electronics, PPE (e.g. safety glasses) 









PA/Nylon, Nylon 6, 
Nylon 6,6 
Zip ties, textiles, fishing nets, fishing 
line, string trimmer line, ropes, dental 
floss, heat resistant utensils. 
1.02−1.05 7 
Cellulose acetate CA Cigarette butts, playing cards, eyeglass 





PU Open cell foams, epoxy resins, wood 




PTFE/Teflon® Anti-adhesive coatings, PTFE plumbing 




Over the past few years, the public has become increasingly aware of plastic pollution, 
mainly due to the increase in research, social media campaigns, and news coverage. 
Plastic pollution research spans many disciplines (e.g. biology, environmental chemistry, 
engineering, earth sciences, art, sociology), but remains a relatively new field of study. 
Some research focuses on large plastic debris, such as disposable packaging on beaches, 
whereas other research focuses on microplastics. Microplastics are generally defined as 
plastic debris smaller than <5 mm in diameter and can be divided into two broad 
categories: primary and secondary. Primary microplastics enter the environment as 
particles in the microplastic size range, whereas secondary microplastics are formed by 
the fragmentation and weathering of larger plastics in the environment (GESAMP, 2015; 
GESAMP, 2016). Examples of primary microplastics include microbeads in cosmetics, 
plastic powders and pellets in plastic manufacturing, crumb rubber, microfibres from 
textile shedding, and tire wear particles (TWPs). Secondary microplastics include 
fragments from larger plastic products and paint chips (GESAMP, 2015; GESAMP, 
2016; Napper & Thompson, 2016; Wagner et al., 2018). 
There is considerable variation in the definition of plastic size ranges in the literature (e.g. 
the size ranges for nano, micro, meso, and megaplastics) (GESAMP, 2019). There is also 
considerable variation regarding the definition of anthropogenic debris (e.g. 
macroplastics, anthropogenic litter, visible plastic debris). For the purpose of this study, 
microplastics are defined according to the NOAA definition of particles <5 mm (Arthur 
et al., 2009), and visible polymeric debris (VPD) is used to describe polymeric debris >1 
mm which were collected from beaches. 
1.2 Objectives 
This study provides insight into levels of visible polymeric debris (VPD) on 66 shorelines 
in the LGLS and is a complementary study to Corcoran et al. (2020a). Plastics were split 
into three size fractions corresponding to micro, meso, and macroplastics and detailed 
characterization and a variety of analyses were performed for sourcing of the VPD. 
Analysis of VPD on beaches represents a crucial opportunity to characterize plastics 
before they ultimately fragment into secondary microplastics, which are often impossible 
5 
 
to attribute to sources. This project provides important insights into regulatory 
implications and will help to inform future studies. 
This study is the first to apply a matrix scoring technique (MST) model to a freshwater 
body for source apportionment of VPD. It is also the first study to quantify VPD on 
beaches throughout the Great Lakes System using standardized sampling and 
characterization methodology. The major objectives are as follows: 
1. Determine the abundance of VPD on Great Lakes shorelines based on size range, 
morphology, polymer composition, and item use. The results are compared to 
other Great Lakes VPD studies as well as global studies of VPD on shorelines. 
2. Determine sources of debris, based on the most frequently identified plastics by 
item use, using an MST model developed by Tudor & Williams (2004). This 
model helps to determine the dominant generalized sources of VPD on beaches in 
this study. 
3. Attribute VPD to Canadian or US sources based on unique markings and/or 
labels. Determining country of origin will provide a unique look into VPD on 
beaches of shared waterways and resulting policy implications. 
1.3 A Global Circular Economy 
The global economic system is slowly transitioning towards a circular economy to better 
manage the limited resources of the Earth. A circular economy is defined as moving past 
the take-make-waste industrial model towards an economic system that decouples 
economic activities from the consumption of finite resources. Instead, waste and 
pollution are designed out of the system, products and materials are kept in use, and 
natural systems are regenerated (Ellen MacArthur Foundation, 2017. Presently, plastics 
largely do not fit into a circular economy; single-use plastics (SUPs) are a substantial 
challenge in moving toward such an economy. For instance, 47% of the plastic waste 
generated in Canada in 2016 was from single use packaging, posing a disposal challenge 
(ECCC, 2019). Traditional mechanical recycling poses a number of challenges to 
increasing both rates of recycling and quality/safety of post-consumer recycled plastic 
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materials. For example, plastic children’s toys (Ionas et al., 2014), black plastic kitchen 
utensils (Kuang et al., 2018), and foam carpet backing (DiGangi & Strakova, 2011) have 
all been found to contain persistent organic pollutants (POPs), and specifically 
brominated flame retardants (BFRs), due to the use of mechanically recycled and 
repurposed materials. Because contaminants are generally not removed or destroyed 
during the recycling process, the compounds can be present in products utilizing recycled 
plastic feedstock. 
In 2017, China announced that it was tightening the standard for allowable levels of 
contamination (e.g. non-target plastics, food waste, medical waste, MSW, construction 
and demolition [C&D] waste) for imported plastic shipments (WTO, 2017). This move, 
taken in response to an increased awareness of plastic pollution in China, acted as a de 
facto ban of most plastic waste. China quickly dropped from the world’s number one 
importer of plastic waste, which in turn caused a vast global plastic recycling market 
disruption (Brooks et al., 2018). Many high income countries (including the US and 
Canada) had relied heavily on China to deal with their low value and/or highly 
contaminated plastics – an unsustainable system that quickly collapsed following China’s 
ban. In response, much of the global plastics trade shifted to Southeast Asian countries, 
including Malaysia, The Philippines, and Indonesia, as Chinese-owned waste operators 
relocated to these countries following China’s ban. In response, these countries have 
enacted their own restrictions to stem the tide of low value plastics with their own 
restrictions (https://p.dw.com/p/3LYpF). This shift in global plastic waste trade has been 
accompanied by an increase in illegal plastic waste shipments, illegal treatment and 
disposal of these wastes (e.g. open burning), and of fraudulent documents and 
misdeclaration of wastes (INTERPOL, 2020). 
1.4 Investigations of Plastic Pollution 
Over the past decade, a variety of studies have investigated sources of plastic pollution, 
plastic transport pathways, and plastic in the environment. Sources of plastic pollution are 
diverse and include everything from microfibres from textiles discharged as washing 
machine effluent (e.g. Napper & Thompson, 2016), to road dust (e.g. Abbasi et al., 2019). 
Transport pathways include tributaries (e.g. McCormick et al., 2014; Mani et al., 2015; 
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Baldwin et al., 2016; Corcoran et al., 2020b), wastewater treatment plant (WWTP) 
discharges (e.g. Mason et al., 2016a; Murphy et al., 2016), stormwater runoff (e.g. Grbić 
et al., 2020), and atmospheric deposition (e.g. Allen et al., 2019; Brahney et al., 2020). 
Depositional sinks include terrestrial soils (e.g. Blasing & Amelung, 2018; Chae & An, 
2018), benthic sediment (e.g. Corcoran et al., 2015; Ballent et al. 2016; Dean et al., 
2018), shorelines (e.g. Zbyszewski et al., 2014; Hoellein et al., 2015), and deep-sea 
sediment (e.g. Kane et al., 2020). 
1.4.1 Ecological Impacts 
There is an increasing concern related to plastic pollution and its ecological hazards; 
hazards which can be divided into three broad categories: i) physical threats, ii) vectors 
for alien species, and iii) chemical threats. Impacts have been detected across most levels 
of biological organization, ranging from subatomic particles to ecosystems (Bucci et al., 
2020). 
1.4.1.1 Physical Threats 
Plastics in the environment are a threat to biota of all sizes and can cause a variety of 
ailments in organisms. Entanglement and ingestion from marine debris have been 
observed in 693 species of marine organisms, with 92% of individual encounters 
involving plastics. Of these species, 17% are on the IUCN Red List as near threatened, 
vulnerable, endangered, or critically endangered (Gall & Thompson, 2015). Recently, a 
beached whale in the Philippines was found with 40 kg of plastic debris in its digestive 
system (http://str.sg/oDfm). 
 A review of the impacts of plastics on marine birds in Canada demonstrates that birds 
along all three coastlines (Atlantic, Arctic, and Pacific) are impacted by plastic pollution 
– including species in the most remote settings (Provencher et al., 2015). In a recent study 
of regurgitated pellets and feces of Eurasian dippers (Cinclus cinclus), an apex riverine 
bird species native to southern Wales, UK, 72 of the 151 particles identified were 
analyzed using FTIR (Fourier Transform Infrared Spectroscopy) (D’Souza et al., 2020). 
Polyvinyl alcohol (n = 25) and PET (n = 18) comprised over half of the analyzed 
particles. This study, which found widespread presence of microplastics in both feces and 
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regurgitates, was the first to demonstrate trophic transfer through riverine food webs. In 
contrast, a study of the effect thresholds of environmentally relevant concentrations of 
microplastics on benthic macroinvertebrates demonstrated that the risk of microplastics to 
these organisms appears to be low (Redondo-Hasselerharm et al., 2018).  
1.4.1.2 Vectors for Alien Species 
Pelagic (floating) plastics are frequently colonized by a variety of fouling and encrusting 
organisms (Gregory, 2009). These organisms can be transported over large distances, 
over the course of multiple years. In 2011, a 9.0 moment magnitude earthquake and 
resulting tsunami hit Japan. The tsunami created an unprecedented rafting event, resulting 
in the transport of debris across the Pacific Ocean ranging in size from small plastic 
fragments to fishing vessels. These debris were analyzed by Carlton et al. (2017) over the 
course of six years for the presence of alien species. In total, 289 living coastal marine 
species native to Japan were found on or in trans-Pacific debris that had landed on 
Hawaiian and North American shorelines. Not only did these organisms survive, but 
many had reproduced in transit and were still able to reproduce upon arrival to foreign 
shorelines. The authors note that the increase in human development globally along 
coastlines will increase the chance of introduction of alien and invasive species (Carlton 
et al., 2017). 
1.4.1.3 Chemical Threats 
The chemical threats of plastics can broadly be broken into three categories: i) sorption of 
organic contaminants (Mato et al., 2001), ii) sorption of inorganic contaminants (Ashton 
et al., 2010), and iii) additives and non-intentionally added substances (NIAS) present in 
plastics (Hahladakis et al., 2018; Groh et al., 2019).  
An early study measuring contaminants on plastics was conducted by Mato et al. (2001). 
Plastic pellets were collected from multiple beaches in Japan and polypropylene pellets 
were retained for POP analysis, which analyzed the pellets for 23 polychlorinated 
biphenyl (PCB) congeners, the chlorinated pesticide DDE, and nonylphenols (NPs). 
Virgin PP pellets were also exposed to sea water for six days, and a subset were analyzed 
for POPs each day. All of the analyzed beached pellets had PCBs, DDE, and NPs 
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adsorbed at significant concentrations. Concentrations of POPs adsorbed to the virgin 
pellets increased over time, suggesting that virgin pellets are a sink and transport 
mechanism for POPs in the aquatic environment (Mato et al., 2001). Hideshige Takada, a 
researcher in the same lab as Yukie Mato, established the International Pellet Watch in 
2005 (http://pelletwatch.org/) in an effort to use citizen scientists to collect pellets from 
beaches around the world. These collected pellets have been analyzed in their lab for 
POPs, and the results are on the above-mentioned webpage. Their data show that plastic 
pellets are widespread pollutants worldwide. 
Ashton et al. (2010) demonstrated, by suspending virgin PE pellets for eight weeks in a 
coastal area in south Devon, England, UK, that inorganic contaminants also sorb onto 
plastics. Metals accumulated in the following order: Fe > Al > Mn > Pb > Cu/Zn > Ag. 
Pellets with extraneous (adhered/trapped) solids were also collected from beaches in the 
region and were analyzed for 14 metals. Metal concentrations were expected to be many 
orders of magnitude higher in solids than in pellets because silt grains and algae are more 
accommodating to metals due to their greater surface areas, porosities, and densities of 
charged surface sites. However, for several metals, the concentrations on plastics were 
within an order of magnitude greater, and concentrations were higher for Pb at one of the 
sites (Ashton et al., 2010). These findings suggest that inorganic contaminants have the 
potential to accumulate at relatively high concentrations on plastics, which could serve as 
an inorganic contaminant transport mechanism. 
A number of additives are used in plastics to improve their performance, functionality, or 
aging properties. Additives can be divided into four categories: i) functional additives 
(e.g. stabilizers, flame retardants, plasticizers, anti-static agents, curing agents, lubricants, 
biocides), ii) colourants (e.g. pigments), iii) mineral fillers (e.g. mica, talc, calcium 
carbonate, kaolin), and iv) reinforcements (e.g. glass or carbon fibres) (Hansen et al., 
2013). Chemical groups include chlorinated paraffins, PBDEs (BFRs), phthalates (e.g. 
bis (2-ethylhexyl) phthalate [DEHP]), bisphenols (e.g. bisphenol A [BPA]), heavy metals 
(e.g. Cd, Pb, Sb, As), and organometallic compounds. These various additives often have 
ecological and human health impacts (e.g. carcinogenic, mutagenic, and teratogenic 
properties) and have the potential to migrate from plastics throughout their lifecycle, 
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including when plastics are present in the environment (Hahladakis et al., 2018). 
Moreover, POPs, which are intrinsically long-lived, are expected to have even longer 
half-lives due to molecular encapsulation within the polymer matrix (Gallo et al., 2018). 
Various mineral fillers have been identified in PE and PP microplastics in Lake Ontario 
benthic sediment. Although both polymers are less dense than freshwater (see Table 1-1), 
their presence in the benthos suggests that the fillers caused them to sink (Corcoran et al., 
2015; Corcoran, 2015).  
Groh et al. (2019), created a database of chemicals that are associated with plastic 
packaging by searching various regulatory databases around the world. In total, the 
authors identified 906 substances that are likely associated with plastic packaging and 
3,377 substances as possibly associated. In addition to additives, the authors listed NIAS. 
These substances include residual monomers (Borrelli et al., 2005), degradation products 
(of both plastics and additives), impurities, and legacy chemicals in recycled feedstock. 
For the most part, NIAS have not been studied as extensively as additives and therefore 
both knowledge of NIAS and regulatory framework is insufficient (Groh et al., 2019). 
1.4.2 Human Health Impacts 
Although the human health impacts of plastic pollution are largely unknown, they are a 
source of ongoing research interest. When the Government of Canada announced the 
release of the Draft Science Assessment of Plastic Pollution (DSAPP) (ECCC & HC, 
2020b), they also announced the Increasing Knowledge on Plastic Pollution (IKPP) 
Initiative. This Initiative aims to address knowledge gaps identified in the DSAPP 
regarding the potential human health impacts and ecotoxicological effects of plastics, 
with 2.2 million CAD of funding available for Canadian institutions (ECCC & HC, 
2020c). 
Data from 26 studies related to human consumption of microplastics from urban/indoor 
air and foods/drinks were analyzed to estimate the microplastic consumption and 
inhalation of the average person (Cox et al., 2019). This was accomplished by compiling 
microplastic data from studies on seafood, salt, honey, sugar, alcohol, and water (tap and 
bottled). Microplastic inhalation was also estimated from two studies on air. Humans 
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consume an estimated 39,000 to 52,000 particles annually, and inhale between 35,000 
and 62,000 particles annually, although human health risk was not calculated (Cox et al., 
2019). Although plastics are considered inert, a critical review demonstrates that 
toxicological pathways do exist, inflammation and immune responses have been 
documented, chemical transfer from plastics to humans is possible, and microbes present 
on plastics could cause harm to humans (Wright & Kelly, 2017). 
1.4.3 Plastic Pollution in Freshwater Environments 
Many studies have demonstrated that plastics can be transported from sources into 
tributaries, lakes, harbours, and ultimately oceans (Moore et al., 2001; Baldwin et al., 
2016; Schmidt et al., 2017; Lenaker et al., 2019). Rivers act as both depositional sites and 
transport mechanisms for plastics (e.g. Moore et al., 2011; Gasperi et al., 2014; Corcoran 
et al., 2020b).  
Plastics have been detected in an array of freshwater bodies including, but not limited to, 
lakes (e.g. Ballent et al., 2016; Anderson et al., 2017; Mason et al., 2020), reservoirs (e.g. 
Di & Wang, 2018), rivers and streams (e.g. Peters et al., 2016; Mani et al., 2015; Horton 
et al., 2017a), natural wetlands (e.g. Townsend et al., 2019), and constructed wetlands 
(e.g. Townsend et al., 2019; Ziajahromi et al., 2019). Plastic pollution has been detected 
in various compartments in these waterbodies, including surface water, benthic sediment, 
and shoreline/riparian sediment. Since 2014, an increasing number of review articles 
covering plastic pollution in freshwater environments have been published. These papers 
provide an excellent understanding of the current state of knowledge and can be 
categorized as reviews of: plastics in the Great Lakes (e.g. Driedger et al., 2015; 
Anderson et al., 2016; Helm, 2020), ecological impacts (e.g. Strungaru et al., 2019; 
Blettler & Wantzen, 2019; Hale et al., 2020), study quality and methods (e.g. Li et al., 
2018; Rios Mendoza & Balcer, 2019; Koelmans et al., 2019), knowledge gaps (e.g. 
Wagner et al., 2014; Eerkes-Medrano et al., 2015; Horton et al., 2017b; Blettler et al., 
2018), focused topics (e.g. Corcoran, 2015; Duis & Coors, 2016), and a general overview 
(e.g. Dris et al., 2015; Li et al., 2020). A book concerning freshwater microplastics 
(Wagner & Lambert, 2018), a book chapter on microplastics in aquatic systems (Eerkes-
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Medrano & Thompson, 2018), a 2020 special issue in Geosciences (ISSN 2076-3263), 
and sections of the Final SAPP (ECCC & HC, 2020a) all provide additional insights. 
1.4.4 Plastic Pollution in the Laurentian Great Lakes System 
Plastic pollution research in the Laurentian Great Lakes System (LGLS) began only 
about a decade ago when Zbyszewski & Corcoran (2011) published data from a 2008 
sampling campaign that involved VPD on beaches of Lake Huron. Driedger et al. (2015) 
published a review article of plastic pollution in the LGLS which included the few peer-
reviewed studies published between 2011 and 2014, preliminary findings, and their own 
data aggregation of volunteer-led cleanups. From 2015 to present, there has been 
increased interest in studying plastic pollution in the LGLS, and in 2020, another review 
of plastics in the LGLS was published (Helm, 2020). Four studies published in 2020 are 
not included in the Helm (2020) review (Corcoran et al., 2020a; Wardlaw & Prosser, 
2020; Costello & Ebert, 2020; Lazcano et al., 2020). The following discussion of plastics 
in the LGLS includes only peer reviewed literature and graduate theses/dissertations. 
Beer brewed using LGLS water (Kosuth et al., 2018) and outdoor air (Peller et al., 2019) 
were sampled in the LGLS but are not discussed below. A synthesis of conference 
presentations on LGLS plastics and other grey literature is covered in Helm (2020). 
1.4.4.1 Biota 
Ewins et al. (1994) collected feces from herring gulls (Larus argentatus) in the lower 
Great Lakes and interconnecting waterbodies to determine the eating habits of L. 
argentatus outside of the breeding season. Plastic pellets were in 5 to 20% of L. 
argentatus feces from Lake Ontario and the Niagara River. Additional plastic items 
included bags, small spheres and chips, polystyrene, and condoms. Nylon monofilament 
(fishing) line was found in some samples, which the authors note might have originated 
from fish – an example of trophic transfer of plastic debris (Ewins et al., 1994). Brookson 
et al. (2019) sampled double-crested cormorant chicks (Phalacrocorax auritus) from two 
nesting sites in Hamilton Harbour, Lake Ontario and one site on Mohawk Island on Lake 
Erie. Eighty-six percent of the birds contained anthropogenic debris, with fibres and 
fragments comprising the dominant morphologies.  
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There are only two published studies (McNeish et al., 2018; Wardlaw & Prosser, 2020) 
and one thesis (Munno, 2017) documenting plastic in fish or bivalves in the LGLS. 
McNeish et al. (2018) collected 11 taxa of fish from the Muskegon River, Milwaukee 
River, and St. Joseph River in the Lake Michigan basin. Despite differences in land use 
for each of the river basins, microplastic concentrations were not significantly different 
between sites and there was no correlation between microplastics in surface water grab 
samples and fish. However, significant differences in microplastics by fish taxa were 
observed, with round goby (Neogobius melanostomus), a zoobethivore, containing the 
highest concentration of gut microplastics (mean of 19 particles per fish) (McNeish et al., 
2018). Munno (2017) fed six microplastic morphologies to three species of freshwater 
fish to assess microplastic retention by morphology in fish digestive systems. Significant 
differences in microplastic morphology retention were observed in rainbow trout 
(Oncorhynchus mykiss) but were not for white sucker (Catostomus commersonii) or 
fathead minnow (Pimephales promelas). A portion of ingested microplastics were still in 
the digestive tracts of all three species after 24 to 48 hours, which could lead to blockages 
and other detrimental effects to the fish (Munno, 2017). Fluted-shell mussels (Lasmigona 
costata) were collected from the Grand River watershed, tributary of Lake Erie. Overall, 
71% of mussels analyzed contained microplastics, with abundances ranging from 0 to 7 
microplastics per mussel (Wardlaw & Prosser, 2020). 
Five studies involving bacterial assemblages growing on anthropogenic litter were 
conducted by members of Tim Hoellein’s lab at Loyola University Chicago (Hoellein et 
al, 2014; McCormick et al., 2014; McCormick et al., 2016; McCormick & Hoellein, 
2016; Hoellein et al., 2017; Hoellein et al., 2019) and one by a different research group 
on Muskegon Lake in the Lake Michigan basin (Steinman et al., 2020). Some, but not all 
of the Hoellein lab studies have been discussed in other sections of this chapter (e.g. in 
Section 1.4.4.5). These studies demonstrate that bacterial assemblages on anthropogenic 
litter, as determined by high throughput sequencing of 16S ribosomal RNA (rRNA) 
genes, are distinct from assemblages on organic matter, and that anthropogenic litter 
represents a vector for transport of distinct bacterial communities. 
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1.4.4.2 Benthic Sediment 
Plastics in benthic sediment in the LGLS were first noted by Lewis et al. (2000), who 
sampled offshore sediment in western Lake Ontario to determine the anthropogenic 
fraction of sediment organic matter (OM). Plastics and paints were discovered in addition 
to coal, coke, semi-coke, oil, bitumen, and fly ash (Lewis et al., 2000). The first formal 
study of microplastics in benthic sediment was published by Castañeda et al. (2014). The 
authors sampled benthic sediment from 10 sites along a 320 km stretch of the St. 
Lawrence River (the outflow from Lake Ontario). Median densities were 52 PE 
microbeads m-2, and mean densities were 13,832 m-2, with a minimum and maximum of 
0 m-2 and 398,000 m-2, respectively. This study, however, is of limited usefulness due to 
methodological limitations: i) the size fraction <500 µm was discarded, ii) other 
microplastic morphologies were not included (e.g. fibres, fragments), and iii) plastics 
were not identified by spectroscopy but rather by melting point and crystallization 
through differential scanning calorimetry. Crew et al. (2020) collected 25 sediment 
samples from the St. Lawrence River, 24 of which were selected based on varied land use 
and one was reoccupied from Castañeda et al. (2014). Microplastic concentrations were 
generally higher in this follow up study, and additional microplastic morphologies were 
detected. Microplastic concentrations were correlated with particle characteristics, urban 
land use, grain size, % organic carbon (OC), % inorganic carbon (IC), and distance from 
shoreline (Crew et al., 2020). 
Corcoran et al. (2015) studied benthic sediment in Lake Ontario, in addition to VPD on 
shorelines (see Section 1.4.4.3). This was the first study globally of microplastics in 
benthic lake sediment. Two box core samples were collected (Station 208 at the Niagara 
Bar and Station 403 in the north-central portion of Lake Ontario), sliced at 2 cm intervals, 
and microplastics were extracted from each interval. Intervals deeper than 8 cm contained 
no microplastics. Based on palynological and radiogenic sediment dating from previous 
studies, the authors concluded that microplastics had been accumulating in offshore 
sediment (Station 403) for under 38 years. Microplastic polymers, determined by FTIR, 
were PE (n = 26), PP (n = 6) and nitrocellulose (n = 3). Mineral fillers and/or adsorbed 
minerals were also determined through FTIR on a number of PE and PP samples, which 
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the authors used to explain how samples composed of these polymers – which are less 
dense than water in their unaltered state – were able to sink and ultimately become 
buried. The authors also concluded that PE and PP samples without mineral additives 
sank due to other processes, such as clay adhesion, or biofilm growth (Chen et al., 2019). 
Ballent et al. (2016) also sampled benthic sediment from the Canadian side of Lake 
Ontario for microplastics, in addition to beach sediment (see Section 1.4.4.3) and 
tributary benthic sediment (see Section 1.4.4.2). Of the 90 particles that Ballent et al. 
(2016) analyzed, 60 were plastics, 3 were non-plastics, 5 were compounds associated 
with plastics, and 22 were unidentified. The most abundant plastics were PE (n = 28) and 
PS (n = 9). For microplastics <2 mm, fragments and fibres were the dominant 
morphology in each depositional environment, whereas beads were rare. Fragments 
(which included films) and industrial pellets were the most common morphology in the 
>2 mm size fraction. Ballent et al. (2016) note that the range of polymer types and 
morphologies suggest that microplastics originate from a variety of sources, and that 
future efforts to reduce microplastic pollution need to focus on the diversity of sources. 
Ballent et al. (2016), Dean (2016), and Dean et al. (2018) all employed a similar spatial 
analysis method to map population density and plastic industries per watershed. Dean et 
al. (2018) sampled microplastics in Lake Erie tributaries and nearshore benthic sediment, 
Dean (2016) sampled Lake St. Clair benthic sediment, and Ballent (2016) sampled 
microplastics in Lake Ontario tributaries and benthic sediment. All three studies 
conducted sampling and analysis on the Canadian side of the lakes only. Ballent et al. 
(2016) linked high microplastic concentrations with proximity to urban and industrial 
areas in the Greater Toronto Area (GTA). Dean et al. (2018) observed microplastic 
concentrations approximately 6x lower than those in Lake Ontario, which the authors 
attribute to preferential deposition of particles on the southern (US) side of Lake Erie. 
However, these links are speculative, as the US side has not been sampled for benthic or 
shoreline microplastics. 
Microplastics in benthic sediment of all forks and the main channel of the Thames River 
in southwestern Ontario were sampled from the headwaters to the mouth at Lake St. Clair 
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(Corcoran et al., 2020b). Unlike most studies that report total concentrations of suspected 
and confirmed microplastics, the authors normalized all samples to the percentage of 
plastics to non-plastics determined by FTIR. Inner and outer banks of the river contained 
higher concentrations of microplastics than straight segments. Particle concentrations 
were also positively correlated to higher abundances of organic debris and to fine grain 
sizes, but no land use relationships were observed (Corcoran et al., 2020b). In a study of 
the Salt Creek watershed of Lake Michigan, the highest concentration of fibres was found 
in a sample downstream of a WWTP (Peller et al., 2019), and fibres were the most 
common morphology found in Ottawa River samples (Vermaire et al., 2017). 
Lenaker et al. (2019) collected microplastics from 10 locations in the Milwaukee River 
Basin and Lake Michigan near the mouth of the Milwaukee River. Benthic sediment 
samples were collected from nine locations and surface water samples were collected 
from 10 locations. Sediment samples in the Milwaukee and Menomonee Rivers were 
dominated by black foams, which accounted for 66% of total sediment microplastics in 
the study. The black foam particles were analyzed by pyrolysis gas chromatography mass 
spectrometry (py-GCMS) and approximately 97% of them were styrene butadiene rubber 
(SBR), a component in tires and a variety of other rubber materials. The authors note, 
however, that the most likely source is tire wear particles (TWP) because about two 
thirds of the ~1,120,000 metric tons of TWP released in the US is in urban areas (Wagner 
et al., 2018). Interestingly, none of the water samples contained SBR particles. These 
particles were also observed in sediment samples from Ballent et al. (2016), in sediment 
from two estuaries in South Carolina, USA (Gray et al., 2018), in urban wetlands in 
Australia (Ziajahromi et al., 2019), and in surface water in GTA tributaries (Grbić et al., 
2020). 
1.4.4.3 Shorelines & Riparian Sediment 
Zbyszewski & Corcoran (2011) surveyed for VPD on beaches along Lake Huron. A total 
of 3,209 plastic pieces were collected (2,984 pellets, 108 fragments, and 117 Styrofoam 
pieces) from seven beaches over an area of 85 m2. The vast majority of pellets (1,818) 
were found at a beach in Sarnia – a city with a number of plastic production facilities. 
Thirty-two of the 45 particles analyzed were PE, 12 were PP and one was PET. 
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Mechanical abrasion and chemical weathering features were determined using scanning 
electron microscopy (SEM). The PE samples exhibited less oxidation (an indication of 
chemical weathering) than PP samples, suggesting that PE is more resistant to 
degradation than PP on beaches (Zbyszewski & Corcoran 2011). In 2014, Zbyszewski et 
al. published a paper continuing this research, which also included samples from beaches 
along Lake St. Clair and Lake Erie. Unlike in Lake Huron, debris recovered from Lake 
St. Clair and Lake Erie were dominated by fragments instead of pellets. Importantly, they 
noted that beach cleanup efforts, which target intact and near-intact debris, are likely to 
miss smaller plastic fragments. Lake St. Clair contained the lowest amount of plastic 
debris (compared to Lake Huron and Lake Erie), a function of the numerous bulkheads 
and breakwaters, which prevent shoreline deposition. Select sampling locations from this 
2014 study were reoccupied and are discussed at length in Chapter 6 of this thesis. 
Corcoran et al. (2015) collected VPD from the Humber Bay Park peninsula and a section 
along the eastern bank of the Humber River in addition to the benthic sediment samples 
from Lake Ontario (see Section 1.4.4.2). Pellets were the dominant morphology 
(excluding PS foam which was not counted). High abundances of plastics at the Humber 
River sampling location on three different dates suggests that rivers are an important 
transport pathway and often temporary depositional environment for VPD. Samples 
collected before a series of rain events were lower in plastics per m2 than those collected 
following those events, demonstrating that storm events mobilize and deposit plastics 
through riverine systems. (Corcoran et al., 2015). 
Shoreline cleanup program data was analyzed in Hoellein et al. (2015), Driedger et al. 
(2015), and Vincent et al. (2017). All three studies refer to debris as anthropogenic litter 
(AL) because the litter encompasses non-plastics (e.g. manufactured wood, glass 
containers) as well. Hoellein et al. (2015) utilized data from five beaches on Lake 
Michigan cleaned under the AAB program. All five beaches were parks and were 
destinations for tourism. The authors concluded that AL mostly originated from beach 
visitors because: i) >72% of AL was smoking or food related, ii) there was a lack of AL 
from other sources such as fishing, dumping, sewage, and waterway activities, and iii) 
there was a positive correlation between county population density and AL density. An 
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important caveat of this study is that AAB data includes mostly readily identifiable AL, 
and that smaller debris were likely undercounted. There was no correlation between 
catchment size or land use and litter density, contrary to the findings of Zbyszewski et al. 
(2014).  
In the first review article of plastics in the Great Lakes, Driedger et al. (2015) analyzed 
AAB and GCSC data from 2012. The AL items were predominantly plastic – 77% in 
Lake Superior, 85% in Lake Michigan, 90% in Lake Huron and Lake Erie, and 89% in 
Lake Ontario. Vincent et al. (2017) analyzed citizen science datasets for nine beaches in 
the LGLS which had a variety of land use characteristics and at least three AL 
measurements per season (winter excluded). Food and smoking related AL (collectively 
consumer good-sourced AL) dominated all the beaches, whereas other categories 
(waterway, medical, dumping, and miscellaneous AL) comprised the balance.  
Anthropogenic litter was sampled from Lake Michigan (beaches) and the North Branch 
of the Chicago River (benthic and riparian zones) in Chicago, Illinois, USA and AL 
abundances were calculated (Hoellein et al., 2014). Anthropogenic litter was found at 
lower than expected concentrations on beaches, likely due to both beach grooming 
practices and because visible debris <1 cm were not collected (Hoellein et al., 2014). 
Plastics and coarse particulate organic matter (CPOM) preferentially accumulate 
together, meaning that management options on beaches should include targeting 
accumulated organic matter (Lazcano et al., 2020). In October 2018, Corcoran et al. 
(2020a) sampled plastic pellets and other plastic debris along 10 m x 1 m strandlines on 
66 beaches of all five Great Lakes. Eighty-six percent of pellets were found on three 
beaches – correlated with plastic industries (Lakes Huron and Ontario) and a train 
derailment (Lake Superior) (Corcoran et al., 2020a). Costello & Ebert (2020) detected 
plastic pellets and other 1 to 5 mm microplastics in coastal dunes of Lakes Erie and 
Ontario. This suggests that wind is an important transport mechanism of large 
microplastics, including pellets, once they are deposited on shorelines. Dean (2016) 
collected VPD from beaches on the Canadian side of Lake Erie and found the majority of 




Note that none of the LGLS studies of plastics on shorelines have used scoring to 
determine specific sources of debris (e.g. Tudor & Williams, 2004). Debris are instead 
speculatively linked to sources (e.g. Zbyszewski & Corcoran, 2011; Hoellein et al., 
2015). Although almost all shoreline plastics studies have sampled VPD, Ballent et al. 
(2016) and Dean et al. (2018) also sampled microplastics in beach sands at proximal and 
distal locations, finding widespread deposition of microplastics. 
1.4.4.4 Lake Surface Water & Modeling 
Multiple surface water studies have been conducted in all of the Great Lakes, Lake St. 
Clair, and interconnecting rivers (Eriksen et al., 2013; Mason et al., 2016b; Cable et al., 
2017; Hendrickson et al., 2018; Cox, 2018; Mason et al., 2020). However, all but one 
study sampled pelagic plastics (plastic debris on the water surface) using surface trawls. 
By only sampling the water surface, these studies might fail to capture plastics that are 
neutrally buoyant or that have been advected through wind, waves, or currents. Only 
Lenaker et al. (2019) collected water samples at multiple depths in the water column. 
To date, the literature contains three studies that involve modeling plastic mobilization 
processes in the Great Lakes. These modeling studies aid in pulling together plastic 
pollution data from multiple media (e.g. benthic sediment, surface water) in order to 
understand the fate of plastics and their transport mechanisms in the LGLS. Cable et al. 
(2017) collected surface water samples from Lake Superior, Lake Huron, Lake St. Clair, 
the Detroit River, and Lake Erie using 106 µm trawls. Sampling data from their study 
generally agreed with previous sampling studies, but samples from Lake Erie were 
significantly different. As a result, the authors modeled plastic transport in Lake Erie 
surface waters. No permanent garbage patch was predicted in Lake Erie, the presence of 
which could have informed cleanup/mitigation efforts. The authors observed that the 
residence times for neutrally buoyant plastics were higher than floating plastics, thereby 
exceeding the hydraulic residence times of the lake (Cable et al., 2017).  
Based on particle transport modeling, an estimated 9,887 metric tons (t) of plastic debris 
enters the Great Lakes annually (Hoffman & Hittinger, 2017). Surface microplastics are 
estimated at 0.0211 t in Lake Superior, 1.44 t in Lake Huron, and 4.41 t in Lake Erie. The 
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input and output modeling of floating plastics was based on inputs from upstream lakes, 
inputs from the shores, and outputs from lake outlets (Hoffman & Hittinger, 2017). 
Surface water data from Cable et al. (2017) and Mason et al. (2020) were used by Daily 
& Hoffman (2020) to create a 3D plastics model in surface waters of Lake Erie. This 
model considers lateral (x-y plane) and vertical (z plane) transport of nine polymer types 
(PE, EPS, PP, PS, PA, PMMA, PET, POM, and PVC). An estimated 10.4 billion ± 5.5 
billion plastic particles are in Lake Erie, with a total mass of 381.1 ± 204.1 t (Daily & 
Hoffman, 2020). 
1.4.4.5 Tributary Surface Water & Discharges 
Few studies have measured plastic pollution directly from discharges (e.g. WWTP 
effluent, combined sewer overflows [CSOs], stormwater outfalls, industrial effluent, 
agricultural tile drains). However, some studies have provided links between 
microplastics in the environment and proximity to discharges in lakes (e.g. Ballent, 2016) 
or sampled upstream and downstream of discharges in rivers. McCormick et al. (2014), 
Vermaire et al. (2017), and Crew et al. (2020) all found elevated microplastic 
concentrations downstream of WWTP effluent discharges in the North Channel Chicago 
River, Illinois, Ottawa River, Ontario, and St. Lawrence River, Quebec, respectively. 
Conversely, Peller et al. (2019) and Windsor et al. (2019) did not find elevated 
microplastic levels downstream of WWTPs in the Salt Creek watershed, Indiana or 
multiple South Wales watersheds, respectively. These differences could be explained by 
differences in WWTP treatment efficiency, degree of dilution and/or mixing of 
discharges, or inadequate sample sizes. 
Of the studies that measure discharges directly, Mason et al. (2016a) sampled the 
effluents from 17 WWTPs throughout the US, including four that discharge into Lake 
Erie, two into the Finger Lakes (in the Lake Ontario basin), and two into Lake Michigan. 
The average concentration of plastics was 0.05 particles L-1 of treated effluent for an 
average of over 4 million particles per day. However, this study did not use any 
spectroscopy. Rather, the authors relied exclusively on visual identification using a 
dissection microscope (Mason et al., 2016a). Published the same year, Michielssen et al. 
(2016) sampled microplastics and small anthropogenic litter in various stages of 
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treatment at three WWTPs in Michigan. Removal rates ranged from 95.6% to 99.4% of 
small AL respectively, while the relative abundance of fibres compared to all other 
morphologies increased in the effluent from WWTPs with tertiary treatment. Microbeads, 
which were found in influent at all three plants, were not found in any of the effluents. 
Sludges from the WWTPs are utilized as biosolids in agricultural settings, which 
reintroduces a fraction of the removed microplastics back into the environment 
(Michielssen et al., 2016).  
In an exploratory study of the influence of discharges on microplastics and other 
anthropogenic particles to Lake Ontario, Grbić et al. (2020) sampled water from urban 
rivers (a proxy for urban stormwater), streams adjacent to agricultural land (a proxy for 
agricultural runoff), WWTP effluents, and water from Lake Ontario. Particle 
concentrations for urban stormwater were 15.4 particles L-1, 13.3 particles L-1 for 
wastewater, 0.9 particles L-1 for agricultural runoff, and 0.8 particles L-1 in Lake Ontario 
surface waters (Grbić et al. 2020). 
McNeish et al. (2018) sampled surface water from three Lake Michigan tributaries. Mean 
concentrations were greatest in the St. Joseph River, followed by the Milwaukee and 
Muskegon Rivers. These concentrations corresponded to basin land uses of agricultural, 
urban/agricultural, and forested, respectively (McNeish et al., 2018). Twenty-nine 
tributaries flowing into the Great Lakes and Lake St. Clair in the US were sampled three 
to four times using 333 µm neuston nets to determine concentrations of plastic debris. 
The median concentration was 1.9 particles m-3, with 98% operationally defined as 
microplastics (<4.75 mm), similar to the 97% detected by Lenaker et al. (2019). All 
morphologies except for fibres were positively correlated with urban areas and were 
found at higher concentrations during storm events. Lenaker et al. (2019) collected co-
located sediment samples and surface water samples at the water surface. At six of the 
locations, surface water samples were also collected from between one to four distinct 
depths in the water column. The authors found that in the subsurface waters, fibres/lines 
were an order of magnitude higher than other morphologies (Lenaker et al., 2019). 
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1.5 Thesis Structure 
On Monday, March 23, 2020 at 1:30 pm, Ontario Premier Doug Ford announced that all 
non-essential workplaces were to close by Tuesday, March 24, 2020 at 11:59 pm. This 
decision was reached by the Provincial Government (Ontario Office of the Premier, 
2020). Following Provincial guidance, Western University announced on March 24 that 
the university would move to essential services at the end of the day. This resulted in the 
closing of all university research labs and buildings, except for those deemed essential by 
the Vice-President of Research (Western University, 2020). Therefore, the Biological and 
Geological Sciences Building (BGS) and associated labs were closed before March 25, 
2020. Labs in BGS remained closed until June 15, 2020. 
The original thesis proposal consisted of sampling both microplastics and VPD from 
Lake St. Clair and the St. Clair River and completing all lab work and associated data 
analysis. The thesis was planned to be written in a typical chapter-style manuscript and 
submitted for publication to a peer-reviewed scientific journal. However, due to the 
aforementioned disruptions related to the ongoing COVID-19 pandemic, it was not 
possible to complete the lab work and associated data analysis prior to shutdown of the 
lab on March 25, 2020. Therefore, the thesis was restructured into two distinct parts: 
Part I (Chapters 2 through 5) relate to VPD from 66 Great Lakes beaches. Plastics were 
collected by me and 12 other individuals over a two-week period in October 2018. Part II 
(Chapter 6) contains original research on microplastics and VPD in Lake St. Clair and the 
St. Clair River. Surface sediment samples from the St. Clair River were collected by 
Environment and Climate Change Canada (ECCC) in fall 2018 and split samples were 
sent from D. Burniston of ECCC to P. Corcoran in April 2019. The 13 samples were in 
various stages of processing and analysis at the time of lab shutdown. From 2019 to 
2020, nearshore surface sediment (n = 16, four duplicates processed), tributary surface 
sediment (n = 10, 2 duplicates processed), and beach sand (n = 26) were all collected. 
The samples were in various stages of processing at the time of lab shutdown. Chapter 6 





Chapter 2  
2 Regional Setting 
The average American or Canadian may consider plastic pollution as a problem of poorer 
countries who experience the unfortunate combination of high levels of consumerism and 
low levels of basic waste management (Kaza et al., 2018; Schmidt et al., 2017). However, 
many studies in the US and Canada have reported the widespread contamination of all 
environmental compartments with plastics. Moreover, studies in the LGLS have recorded 
an abundance of plastics in surface waters, benthic sediment, floodplain soils, terrestrial 
soils, urban and rural built infrastructure, air, drinking water, and various waste streams 
(e.g. Hoellein et al., 2015; Ballent et al., 2016; Grbić et al., 2020). 
The LGLS, which forms part of the US/Canada border, contains approximately 20% of 
the world’s fresh surface water and provides clean drinking water to tens of millions of 
Americans and Canadians. The system is composed of the five Great Lakes (Superior, 
Michigan, Huron, Erie, Ontario) in addition to interconnecting rivers and Lake St. Clair 
(Figure 2-1). It is among the most biodiverse ecosystems in the world (ECCC & USEPA, 
2019). The LGLS is also a vital resource for the economies of eight states and the 
provinces of Ontario and Quebec, which depend on the waterways for shipping, fishing, 
tourism, water withdrawal, and conservation (US DHS, 2014). Although the Great Lakes 
are in a much healthier state ecologically and environmentally than they were a few 
decades ago, the lakes still face a number of stressors including climate change, chemical, 
biological, and radiological contaminants, invasive species, species and habitat loss, 
nutrient loading, harmful algal blooms (HABs), and emerging contaminants including 
plastic pollution (ECCC & USEPA, 2019). 
2.1 Geology, Hydrology, and Ecology 
The LGLS is a product of multiple glaciations that occurred during the late Cenozoic Era, 
the natural evolution of the system following the last glacial maximum, and a variety of 
human-induced factors – both intentional and inadvertent (Quinn & Edstrom, 2000; 
Larson & Schaetzl, 2001). The LGLS can generally be divided into two regions based on 
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the bedrock geology: 1) the northern upland region (Canadian Shield) containing 
Precambrian metavolcanic and metasedimentary rocks, gneiss, and granite, and 2) the 
southern lowland region containing Paleozoic sedimentary rocks which are, for the most 
part, gently dipping. The lowland region consists of most of Lake Huron and Ontario 
basins, and the Lake Michigan and Erie basins, whereas the upland region contains the 
Lake Superior, northern Lake Huron, and Lake Michigan basins (Figure 2-1) (Larson & 
Schaetzl, 2001).  
Each lake has its own characteristic circulation patterns, which vary by season and to 
some degree between years. Cyclonic (counter-clockwise) circulation patterns are 
generally present in Lake Superior, Lake Michigan, and Lake Huron – patterns that 
increase in the winter. In Lake Erie, summer patterns are mainly anticyclonic, and a two-
gyre system is present in the winter. Lake Ontario also has a two-gyre system in the 
winter but is predominantly cyclonic in the summer (Beletsky et al., 1999). Unlike the 
Great Lakes, Lake St. Clair is a flow-through waterbody with shallow depths and 
hydraulic residence times of only a few days (Table 2-1). As expected, its currents are 
largely influenced by this flow-through regime and by prevailing winds. During the 
winter, the lake is usually covered by ice (Derecki, 1984). 
The Great Lakes vary considerably in hydrological and physical characteristics (Table 
2-1). Lake Superior contains more water than the rest of the LGLS combined and is 
considerably deeper and has a much longer hydraulic residence time than any of the other 
lakes, at 191 years. Although Lakes Michigan and Huron are technically one waterbody 
interconnected by the Straits of Mackinac, they are considered two separate lakes. Lake 
St. Clair is not a Great Lake, but it is an important interconnecting waterbody in the 
LGLS, hydraulically downstream of Lakes Superior, Michigan, and Huron. Lake St. Clair 
is so shallow that the deepest part is the navigation channel, which is regularly dredged 
by the United States Army Corps of Engineers (USACE). Lakes Erie and Ontario are the 
two smallest Great Lakes by volume, water area, and land drainage area, and they also 
have the shortest residence times. The relatively shallow depths of Lake Erie, in addition 
to nutrient loading, winds, currents, and invasive mussels contribute to the frequent 





Figure 2-1: Bathymetry of the Great Lakes showing 100 m contours and shaded relief model of 
surrounding lands. Reproduced from Darekk2 (2015). Graphic created under a CC-BY-SA-4.0 
license, using data from the NOAA National Geophysical Data Center and NOAA Global Land One-
Kilometer Base Elevation (GLOBE) database. 
Humans have had a profound impact on many aspects of this lacustrine system. Arguably 
the most consequential and permanent impacts are those relating to hydrology. A number 
of major inter-basin projects starting in the 19th century have changed the extents of four 
of the five Great Lakes basins (all but Lake Huron). These projects include the Chicago 
Area Waterway System (CAWS), where the flow of the Chicago River was famously 
reversed in 1900 for the purpose of flushing raw sewage away from the city’s drinking 
water intakes in Lake Michigan and into the Mississippi River system (Quinn & Edstrom, 
2000; Duncker & Johnson, 2015). The Ogoki and Long Lake diversion projects resulted 
in waters that originally drained into the Albany/James Bay basin being diverted to Lake 
Superior to deliver hydroelectricity to Canadian defense industries during World War II. 
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Intra-basin diversions include the Welland Canal and water supplies for the cities of 
London, Ontario and Detroit, Michigan (Quinn & Edstrom, 2000). Groundwater recharge 
basin-wide, while a critical natural part of the hydrologic cycle, is also influenced by 
humans through land use changes, irrigation, injection wells, and stormwater 
management practices (Neff et al., 2005). 
Table 2-1: Hydrological and physical characteristics of lakes in the LGLS. Depth and volume are 
measured at low water. a) includes St. Marys River, b) includes the St. Clair-Detroit System, c) 
includes the Niagara River, d) maximum natural depth/maximum dredged depth. Sources: 1) 


















Superior 1 147 406 12,100 82,100 127,700 191 
Michigan1 85 282 4,920 57,800 118,000 99 
Huron1 59 229 3,540 59,600 134,100a 22 
Erie1 19 64 484 25,700 78,000b 2.6 
Ontario1 86 244 1,640 18,960 64,030c 6 
St. Clair2,3,4 3.7 6.4/8.3d 3.4 1,115 N/A 0.02-0.03 
2.2 Human Geography & Binational Agreements 
Over 30 million people live in the Great Lakes Basin – about 10% of the US population 
and just under a third of the Canadian population. Almost 25% of Canadian and 7% of 
American farm production is in the basin (USEPA, 2019b). United States and Canadian 
companies that depend on the waterways for shipping cargo reported over 30 billion USD 
of revenues in 2010, while in 2011, more than 225,000 jobs were related either directly or 
indirectly to the LGLS. Each year, hundreds of millions of tons of commodities are 
shipped through the waterways (US DHS, 2014). 
A handful of binational agreements and joint institutions exist at both the state/provincial 
and federal levels regarding the sustainable management of the Great Lakes. The first 
agreement was the Boundary Waters Treaty of 1909, which established the International 
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Joint Commission (IJC). Since 1912, the IJC has mediated water disputes and works to 
protect water quality and address a variety of environmental issues in the LGLS (IJC, 
2020). The Great Lakes Charter was signed in 1985 between governors of the eight Great 
Lakes States and premiers of the two Canadian provinces (now the Conference of Great 
Lakes and St. Lawrence Governors and Premiers [GSGP]). Although Quebec does not 
border a Great Lake it contains the St. Lawrence River – the outflow of the LGLS. This 
charter is an agreement between the governors and premiers to manage the water supply 
and to consult other leaders regarding diversions (Quinn & Edstrom, 2000). In 2005, the 
GSGP signed the Great Lakes—St. Lawrence River Basin Sustainable Water Resources 
Agreement and endorsed a companion legally binding agreement (GSGP, n.d.).  
Although the Great Lakes Water Quality Agreement (GLWQA) was signed in 1972, it 
was amended for the second time in 2012 (binational.net, n.d.). The GLWQA contains 10 
annexes which describe commitments towards addressing environmental issues. These 
include climate change, areas of concern (contaminated areas of the LGLS), and aquatic 
invasive species (binational.net, n.d.). 
2.3 Plastic Waste Management 
A recent survey of plastics recyclability in the US, conducted after China’s de facto waste 
ban, showed that plastics with resin identification codes (RICs) 3 through 7 (PVC, LDPE, 
PP, PS, and others [RIC 7]) and RICs 1 and 2 (PET and HDPE) non-containers have 
negligible value. For example, the State of Kansas has no market for RICs 3 to 7 whereas 
Maine only has a market for HDPE (RIC 2) (Hocevar, 2020). High levels of curbside 
recycling contamination, upwards of 40% in some communities, have strained recycling 
infrastructure (https://www.indystar.com/story/news/environment/2020/05/28/recycling-
contamination-up-40-hoosiers-make-more-waste-home/5238284002/).  
The state of plastics recycling in Canada is comparable, especially due to the reliance on 
cross-border trade of both waste plastics and virgin resins. The Canadian economy is 
geared towards virgin resin production instead of secondary (recycled) resins. In fact, 
virgin resin production value was ~10.1 billion CAD in 2017, while recycled resins 
brought in only ~350 million CAD the year before. The amount of post-consumer plastics 
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mechanically recycled in 2016 was only a bit more than 5% of Canadian virgin resin 
production. Over 80% of the import and export share of the Canadian virgin resin 
industry is with the US, whereas the US accounts for over 90% of exports and 60% of 
imports of finished plastic products (ECCC, 2019).  
The US and Canada are quite similar for most metrics related to plastic waste 
management (Table 2-2). However, this is rapidly changing because Canada is years 
ahead of the US with plastic pollution related research and government initiatives. In 
2017, the US recycled 8.4%, incinerated (with energy recovery) 15.80%, and landfilled 
75.83% of plastic waste generated and collected (USEPA, 2019c). The material flow 
framework utilized by USEPA considers collected waste, but does not account for litter, 
illegal dumping, or the fate of wasted collected for recycling (e.g. plastic waste 
mismanaged in importing countries). When these additional scenarios are factored in, 
between 1.13 to 2.24 Mt (2.70 to 5.34%) of US plastic waste was estimated to be 
mismanaged in 2016 (Law et al., 2020). Similarly, in 2016, Canada recycled 9%, 
incinerated (with energy recovery) 4%, landfilled 86%, and directly released 1% of 
plastic waste (ECCC, 2019). It is unclear if the “directly released” statistics of Canadian 
plastics include the numerous uncontrolled landfills that still operate, particularly the ~60 
in Newfoundland and Labrador (Government of Newfoundland and Labrador, 2019). 
Moreover, no updated analyses of mismanaged plastic waste exist for Canada, so the 
ECCC estimate of plastic directly released might be an underestimate. It should also be 
noted that these already low recycling rates were calculated before the implementation of 




Table 2-2: Environmental and socioeconomic metrics between the US and Canada. Sources: 1) World 
Bank, 2020a, 2) World Bank, 2020b, 3) Climate Watch, 2018 using UNFCCC, 2017 data, 4) Wendling et 
al., 2020, 5) Sensoneo, 2019, 6) USEPA, 2019c; 7) ECCC, 2019, 8) BottleBill.org, 2020, 9) Diggle & Walker, 
2020, 10) NYSDEC, 2020, 11) Homonoff et al., 2018, 12) ECCC, 2020, 13) NCSL, 2020, 14) Basel 
Convention, 2019, 15) Government of Canada. 2018. CEPA = Canadian Environmental Protection Act, 
EPI = Environmental Performance Index, LUCF = Land-use change and forestry related emissions. 




2019 GDP per capita (PPP)1 $65,118.4 $51,341.7 
GINI Coefficient (higher = more 
wealth inequality; world range 
24.2 to 63.0)2 
41.1 (2016) 33.3 (2017) 






2020 Controlled Solid Waste EPI 
Score4 
48.3/100 84.7/100 






Recycled 8.4% 9% 
Incinerated (with energy recovery) 15.8% 4% 
Landfilled 75.8% 86% 





Bottle bills8 Michigan 10 US cents, 
since 1978; New York 5 
US cents, since 1983 
Ontario – 10 CA cents 
(alcohol only), since 2007 
Curbside recycling funding9 Taxpayer funded, 
municipality operated 
Ontario – partially producer 
funded, municipality operated 
SUP bans/fees10,11,12 New York – bag ban (Oct. 
19, 2020); Chicago, Illinois 
– partial ban (2015), bag 
tax (2017) 
Federal – Ban manufacture 
and import of certain SUPs by 
2021 (under the CEPA) 




Pennsylvania, New York 
No 
Virgin plastic tax/recycled content 
requirements12 
No Federal – Proposed 
Regulating plastics as 
toxic/hazardous waste12 
No Federal – Proposed  
(under the CEPA) 
Basel Convention Plastics Pledge 
signatory14 
No Yes, in 2019 
Ocean Plastics Charter 
signatory15 




Chapter 3  
3 Methodology 
This study includes the following groupings of identified polymeric materials – 
collectively referred to as visible polymeric debris (VPD) – thermoplastics, thermosets, 
open and closed cell foams, rubbers/elastomers, resins, synthetic fibres, textiles, films, 
adhesives, and paint chips. Items labeled “non-plastics” in Appendix B are predominantly 
metal, glass, or wood, but generally include a polymeric component (e.g. steel bottle 
caps, aluminum cans with liner, asphalt with road paint). These items were included in 
the database and used for brand audit but were not included in weights or counts for 
analyses. Those wishing to remove non-plastics in future analyses utilizing data in 
Appendix B should filter out “NP” in the morphology column. 
3.1 Field Sampling 
As a part of a Great Lakes industrial plastic pellet pollution study (Corcoran et al., 
2020a), 13 artists and scientists collected VPD from 66 Great Lakes beaches. Between 
October 7 and October 21, 2018, 18 beaches on Lake Superior, 15 on Lake Michigan, 14 
on Lake Huron, 10 on Lake Erie, and 9 on Lake Ontario were sampled (Figure 3-1). 
Although the primary objective of the study was to collect plastic pellets, all other VPD 
were also collected. Each location was sampled by two people, except for three beaches 
on Lake Superior, where three people were present. All 13 samplers were given detailed 






Figure 3-1: Sampling locations on 66 Great Lakes beaches where VPD were collected in October 
2018 using methods from Corcoran et al. (2020a). 
Strandlines – the high-water mark where organic debris and other floating debris 
preferentially accumulate – were used for the collection of stratified random samples. 
Photographs were taken of the strandline, surrounding area, and any plastic debris noted. 
Grain size data were recorded, or sediment samples were brought back to the lab for 
measurement. A 10 m tape measure was stretched along the strandline and all VPD 
(including pellets) were collected in a 1 m wide swath (Figure 3-2). The VPD in the top 5 
cm of the beach surface were collected by hand (if the sediment was wet) or with metal 
sieves (if sediment was dry and fine enough to pass through 2.5 mm x 3 mm openings). 
VPD were collected in labeled paper bags. Very large VPD were not collected and were 
instead photographed and/or recorded in field notes. Weights for these debris have been 




Figure 3-2: Great Lakes strandline based sampling method used for 66 beaches in this study and in 
Corcoran et al. (2020a). Aerial image (a) and photograph (b) show Colchester Beach, Lake Erie. 
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3.2 Sample Processing 
In each bagged sample, plastic pellets were first separated from other VPD. Pellet 
processing and analyses are described in Corcoran et al. (2020a) and will be described 
throughout this study in order to include the entire VPD dataset. All samples were 
processed in the Biological and Geological Sciences Building (BGS), University of 
Western Ontario. The VPD were first brushed by hand if applicable to remove loosely 
adhered organic matter and sediment. Plastic films and bags with large amounts of 
adhered debris were brushed and rinsed with reverse osmosis water, as were bottle caps 
and other items filled with sediment. Although Zbyszewski et al. (2014) used an 
ultrasonic bath to remove particles, it was determined that sample mass after sonication 
and drying was only 1% different compared with pre-sonication mass. Therefore, hand 
brushing and manual removal of non-plastics beforehand was much more effective at 
removing foreign debris than sonication, which was also very time consuming. Samples 
were then placed on an aluminum foil tray and dried in a Precision Thelco 130D 
laboratory oven (Thermo Fisher Scientific Inc., Waltham, MA, USA) at 70°C for at least 
24 hours, until dry. 
Cleaned and dried samples were placed in WVR USA Standard Testing Sieves (VWR 
International, LLC., Radnor, PA, USA) on a Retsch AS 200 digital sieve shaker (Retsch 
GmbH, Haan, Germany). Prior to sieving, visibly brittle plastics and EPS (expanded 
polystyrene; commonly referred to as Styrofoam) clearly larger than the largest sieve 
opening were removed to prevent artificial fragmentation. Plastics were first sieved using 
stacked 5.6 mm, 4.0 mm, 1.0 mm, and 500 µm sieves for 5 minutes at 50 Hz. A co-
benefit of sieving was the further removal of sediment and other non-plastic debris. The 
samples were separated into size fractions (1 mm – 5 mm, 5 mm – 25 mm, and 25 – 1000 
mm) in accordance with common size fractions listed in Table 2.2 of GESAMP (2019). 
These size fractions correspond to large microplastics, mesoplastics, and macroplastics. 
For plastics that passed through the 5.6 mm sieve but not the 4.0 mm sieve, average 
length and width of plastics were measured. Plastics >5 mm were placed in the 5 mm – 
25 mm range, and those <5 mm were placed in the 1 mm – 5mm range. The latter two 
sieves were used to have enough sieves for the shaker’s design, in addition to 
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determining if intact VPD were found in those size ranges. All plastics that passed 
through the 1 mm sieve were determined to be larger VPD artificially fragmented by the 
sieving process and were discarded; any impact on size fraction masses was negligible. 
No megaplastics (>1,000 mm) were in samples. 
Before weighing, care was taken to remove all non-plastic debris which co-accumulated 
with the collected plastics including organic matter (e.g. roots, aquatic vegetation, bugs), 
coal fragments, carbonates, shells, slag, sea glass, and tars. Each size fraction was 
weighed separately for each location using a Mettler-Toledo XS204 analytical balance 
with automatic internal adjustment and draft shield (Mettler-Toledo International Inc., 
Columbus, OH, USA). 
3.3 Addition of Corcoran et al. (2020a) Pellet Data 
Pellet data from Corcoran et al. (2020a) were included in some analyses in this study. 
Table S2 in Corcoran et al. (2020a) presents the pellet size as area in mm2. Although the 
pellets were a variety of shapes, the vast majority were oblate, cylindrical or circular. 
Only two dimensions were measured, and therefore it was assumed that any pellet in the 
database with an area <19.6 mm2 was classified in the 1 – 5 mm fraction, whereas pellets 
>19.6 mm2 were assigned to the 5 – 25 mm fraction. A random sample of pellets from 
each lake were weighed and the average pellet mass was determined to be 0.021 g. This 
mass was applied to each pellet from the Corcoran et al. (2020a) study.  
3.4 Visual Identification and Characterization 
Information concerning each VPD item was entered into a spreadsheet for analysis. All 
VPD items were characterized according to: i) size fraction, ii) morphology (following 
GESAMP, 2019), iii) colour, and iv) general item description. Select VPD were further 
divided into categories, when possible. At least two personnel examined all plastic items. 
Table 1-1 lists the different characterization categories and variables applicable to this 
study, which are discussed in more detail below. 
Item use was generally obvious (e.g. bottle caps, cigarette butts). However, for some 
items of which terminology was uncertain, internet searches were utilized, and product 
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catalogues and guides were referenced when applicable. For unique items that were not 
identifiable, crowdsourcing was used by posting photographs and item descriptions to the 
r/whatisthisthing subreddit (https://www.reddit.com/r/whatisthisthing/). An accurate 
description of items is important, as slight differences in terminology can impact 
perceived traits – likely an issue with some beach cleanup data. For example, large yogurt 
containers are generally made of PP, whereas single serving yogurt cups are generally 
made of PS. Incorrect terminology could impact reanalysis of data. 
Polymers were identified whenever possible, through combinations of four methods 
(Figure 3-3): i) identification by physical properties was utilized for polymers that 
displayed unique visual and/or tactile characteristics (physical identification – PID) (e.g. 
EPS foams and PP bottle caps), ii) known polymer usage (KU) (e.g. cigarette butts = 
cellulose acetate), iii) consumer goods with resin identification codes (RICs) 1 to 6 
(ASTM International, 2020), and iv) manufactured products with stamped/injection 
moulded polymer names (e.g. a car part with >TPO< indicating thermoplastic 
polyolefin). Other materials were visually observed and were recorded, such as adhesive 
on clear tape or an aluminum layer on packaging. Note that polymer identification was 
not attempted for multilayered packaging, which can be composed of up to 12 layers of 
varying polymers and metals (Daley, 2020). Although food/drink wrappers often include 
multiple layers of PP (often biaxially-oriented PP), due to uncertainty of the entire 
composition, polymer identification was not attempted. 
Brand names, product names, and product text were noted, where possible, in order to 
determine parent companies of the VPD. In an attempt to determine age of the VPD, as 
done in Ryan et al. (2019), date of manufacture, expiration dates, and copyright year were 
recorded. Country of origin was determined in order to apportion VPD to the US, 
Canada, or other countries. 
Items identifiable by use (and some unidentifiable items as well) were categorized 
according to three different categorization lists: i) the Convention for the Protection of 
the Marine Environment of the North-East Atlantic (OSPAR) Commission 100 m, ii) the 
National Oceanic and Atmospheric Administration (NOAA), and iii) Break Free From 
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Plastic (BFFP). Each of these categorization lists provide a different, but useful way to 
group VPD for future analyses. Indicator items are VPD which are helpful in determining 
source apportionment and are used in the Matrix Scoring Technique (MST).  
 
Figure 3-3: Examples of four polymer visual identification methods: a) stamped polymer name 
(GFPP-10; sample M-GB-SL), b) RIC (PP; sample S-GMDT-SL) (both superimposed for clarity), c) 
identification by physical properties (expanded polystyrene; sample O-BB-SL), and d) known 
polymer usage (PP straws; sample O-BB-SL). 
The term single-use plastics (SUPs) is a partial misnomer and there is little consistency in 
definition. Perhaps the most commonly accepted definition is “single-use plastics, often 
also referred to as disposable plastics, are commonly used for plastic packaging and 
include items intended to be used only once before they are thrown away or recycled” 
(UNEP, 2018). Nonetheless, due to the ambiguities in determining whether hundreds of 
items could be defined as SUPs, this categorization was not assigned. Lastly, all items 
were assigned a general waste regulatory category. Due to small differences in waste 
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regulations between the governments of the US and Canada, the term ‘general’ was used. 
Municipal solid waste (MSW) includes the vast majority of household, commercial, and 
institutional garbage, whereas medical waste, e-waste, and other categories were applied 
as appropriate. 
Table 3-1: Categories assigned to VPD, as applicable. See Appendix B for complete sample database. 










Size Fraction • 1 mm-5 mm (micro) 
• 5 mm-25 mm (meso) 
• 25-1000 mm (macro) 
Intact • Yes 
• No 
• N/A 
Morphology • Pellet (P) 
• Fragment (FR) 
• Foam (FO) 
• Fibre (FB) 
• Textile (TX) 
• Film (FL) 
• Rubber (RB) 
• Non-plastic (NP) 
• Multiple morphologies 
Colour Numerous 


















• Physical identification (PID)/ known usage (KU) 
• Resin identification code (RIC)/>stamped< 
• FTIR (see Appendix C) 
Other Materials Numerous (e.g. paper on cigarettes, aluminum on 
packaging) 
Brand Name/ Product Name/ 
Product Text 
Numerous (See Section 3.7 
(Parent) Company Name Numerous (See Section 3.7) 
Year Numerous (Based on copyright, manufacturing date, 
etc.) 
Country of Origin • US 
• Canada 














 OSPAR Commission 
100 m Category 
See OSPAR Commission, 2010 
NOAA Category See Opfer et al., 2012 
BFFP Category See BFFP, 2019b 
General Waste Regulatory 
Category 
• Municipal Solid Waste (MSW) 
• Medical Waste 
• Household Hazardous Waste (HHW) 




3.5 Informative FTIR 
Most other studies have utilized spectroscopy for representative polymer identification by 
either analyzing all collected plastics or a random subset of plastics. This study, however, 
takes a different approach. Instead, items were selected for spectroscopy for one of the 
following reasons: i) to add an additional line of evidence for use/source/origin of 
suspected items (e.g. plasticized vinyl, foam insulation board, unidentified foams, 
suspected TWPs, ii) to determine the polymers used in certain commonly encountered 
items of unknown polymer (e.g. artificial flower petals and leaves), or iii) to confirm 
polymer identified by visual identification or known item use. 
Informative FTIR was conducted with 78 analyses on 75 samples – 64 analyses were 
performed on 63 samples from Great Lakes beaches. The remaining samples were either 
St. Clair system samples or collected upland debris utilized to inform polymer 
identification by KU/PID. The 75 samples were sent to Surface Science Western for 
analysis using a Bruker Tensor II FTIR Spectrometer (Bruker Optik GmbH, Ettlingen, 
Germany) using the Platinum Attenuated Total Reflectance (Pt-ATR) diamond 
attachment in the main box. This setup allowed for a 2 mm x 2 mm x 0.6 to 5 µm depth 
area of analysis on each sample. Spectra were collected between 4000 cm-1 and 400 cm-1, 
with a 4 cm-1 resolution, 16 scans per sample and were detected using a RT-DLaTGS 
mid-infrared detector. 
3.6 Country of Origin 
In order to allocate debris to a country of origin (e.g. where the product was originally 
distributed/marketed), all VPD collected were searched for country-specific labels or 
identifying marks. Personal knowledge of labeling differences between consumer goods 
sold in the US and Canada, as well as exporting guidance from the Trade Commissioner 
Service (Government of Canada, 2020a) and the United States Department of Agriculture 
(USDA, 2020) were utilized to assign applicable VPD to either the US or Canada. 
Examples which allowed for differentiation between the two countries include: 
• Labels with American or Canadian English. 
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• Labels with equal space dedicated to English and French (indicative of Canadian 
products, though some products can still be marketed in the US such as 
cosmetics) or English and Spanish (generally indicative of American products). 
• Brands unavailable or uncommon in one country (e.g. supermarket brands). 
• Products unique to one country (e.g. 1 gallon milk jug caps. Although some other 
provinces use milk jugs, Ontario has not used them since the 1980s. Instead, bags 
or gable top containers are used.). 
• Company addresses from the respective country (multinational companies have 
subsidiaries in the respective countries in which they do business). 
• Logos from country specific agencies or organizations. 
• Country specific statements or labeling requirements (e.g. rBST/rBGH statement 
required on hormone-free US dairy products and bolded, larger font calories on 
US foodstuffs). 
Care was taken to avoid false attribution. Items with markings on non-label parts (e.g. US 
or Canadian patent numbers, made in one of the countries, city, one language) or with not 
enough label to make an attribution, were not assigned to a country. Any VPD that had 
foreign markings were assigned to the appropriate countries, although there were only a 
handful of these items. 
3.7 Parent Company 
A parent company audit, modeled after BFFP (2018) and BFFP (2019a), was performed 
by examining all VPD in detail for any logos, product names, trademarked product 
designs, ZIP/Postal Codes, or other lines of evidence to tie certain items to companies. 
This audit was undertaken primarily to publish a list of the companies most responsible 
for visible pollution and provides additional data for potential future environmental 
cleanup liabilities. Co-benefits of the audit include additional apportionment to probable 
country of origin (US vs. Canada), dates, and item type. 
Internet searches were performed, including searches of the Open Food Facts Database 
(https://world.openfoodfacts.org/) and company “About Us” pages to determine brand 
ownership and ultimately parent companies (see Appendix B for complete list). Note that 
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genericized trademarks were not used in the database to avoid false attribution. For 
instance, flashspun HDPE was used instead of ‘Tyvek’ and PTFE tape was used instead 
of ‘Teflon tape’. If a company was acquired, dissolved, merged, or spun-off, the current 
company that assumes liabilities and assets is named in the database. For defunct 
companies without clear acquisitions, “defunct” was noted. Brands identified were either 
manufacturers of the original plastic items (e.g. Caplugs end caps), provided parts to a 
finished product (e.g. CSI bottle caps for drink bottles), were contracted companies (e.g. 
Independent Coke Bottlers), or were licenced/advertised items (e.g. Disney adhesive 
bandage, pen with resort advertising). Note also that certain identified VPD can have 
multiple companies assigned to them, such as a CSI or Alcoa bottle cap used on a 
PepsiCo or Coca-Cola drink. In the case of multiple companies, all identified companies 
were listed and quantified. 
3.8 Matrix Scoring Technique 
Over the years, various attempts have been made to tie plastics found on marine 
shorelines to sources (e.g. shipping, beach litter, combined sewer overflows). Many 
methods, such as OSPAR Commission (2007) and Earll et al. (2000) allocate one item to 
one specific source (e.g. a food wrapper to tourism). Although this method is 
straightforward, the limitation of this method is that it does not allow for determination of 
relative contributions of sources (e.g. that a food wrapper could come from a number of 
sources and that tourism would be a more probable source than shipping). 
The utilization of a Matrix Scoring Technique (MST) addresses the limitations of these 
one-dimensional methods. As recommended by the European Union Marine Strategy 
Framework Directive (EU MSFD) (Veiga et al., 2016), an MST modified from Tudor & 
Williams (2004) was utilized for this study. The Tudor & Williams (2004) MST was 
based on a combination of techniques – namely the Percentage Allocation (Earll et 
al.,1999) and Cross Tabulation Probability Scoring (Whiting, 1998) methods – and 
consists of the following process which was used in this study: 
1. Items are described by material. This study utilized the 2 to 50 raked items 
(thereby excluding pellets) in the “item use” column in Appendix B because 
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neither OSPAR Commission, NOAA, nor BFFP categorizations were 
comprehensive enough to differentiate many items that were identified in this 
study. 
2. An Elimination List was formed based on, for example, the nature of sampled 
beaches, co-accumulation of certain items, and proximity to potential sources. 
3. Items were allocated to source sectors (e.g. shoreline recreation, urban areas, 
agriculture). Here, Qualitative Likelihoods are assigned numerical scores. Very 
likely (LL) = 16, Likely (L) = 2, Possible (P) = 1, Unlikely (U) = 0.5, Very 
Unlikely (UU) = 0.125, Not Considered (NC) = 0 (Earll et al., 1999; Tudor & 
Williams, 2004). Although some studies have applied the elimination list 
separately to each sampling location, it is not feasible to do so in this study with 
so many sampling locations and a lack of in-depth knowledge for each location. 
Instead, the LGLS was scored as a whole, based on an understanding of overall 
land use, industries, and characterization of VPD samples. 
4. Once all VPD item categories considered in the MST were assigned numerical 
scores based on their relative probabilities of originating from respective sources, 
this weighted average was multiplied by the number of VPD items per category. 
The final scores are a percentage for which each source contributes to the VPD in 
the study area. 
3.9 Spatial & Statistical Analyses 
Data cleanup and aggregation were performed in Microsoft Excel 16.0 (Microsoft 
Corporation, Redmond, WA, USA). Spatial analysis and mapping were performed using 
ArcGIS 10.8.1 (Esri, Redlands, CA, USA). Methods for the human population by 
watershed analysis can be found in Corcoran et al. (2020a). Exploratory plots, final plots, 
and statistical analyses were performed using either MATLAB R2020b (9.9.0) 
(MathWorks, Natick, MA, USA), JMP 15.0 (SAS Institute, Cary, NC, USA), or 
Microsoft Excel 16.0. A variety of statistical analyses were performed in MATLAB 
R2020b and ProUCL 5.1 (USEPA, Washington, DC, USA). Outliers were determined 
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using Rosner’s Test for Outliers, although outlier removal was not performed because it 
was determined that the outliers were indicative of the nature of the respective locations 
and were not the product of inadvertent bias. When possible, data that were not normally 
distributed were transformed to meet the requirements to run parametric tests. For 
continuous, bivariate data, Student’s t-tests or Wilcoxon-Mann-Whitney Tests were 
performed depending on distribution. For continuous, multivariate data, ANOVAs or 
Kruskal-Wallis Tests were performed depending on whether data were parametric or 




Chapter 4  
4 Results 
Sixty-six beaches were sampled in October 2018 – 10 beaches on Lake Erie, 14 on Lake 
Huron, 15 on Lake Michigan, 9 on Lake Ontario, and 18 on Lake Superior. Note that all 
sample masses are on a dry weight basis. 
4.1 Overall Abundances by Beach and Lake 
A total of 21,592 VPD items, weighing 1,819 g, were collected from 66 beaches. Pellets, 
discussed in detail in Corcoran et al. (2020a), comprised 12,595 of the items. An 
additional 2,047 VPD items, weighing 710 g were collected from beaches in the St. Clair 
system, the results of which are discussed in Chapter 6. All but 3 Great Lakes sampling 
locations contained VPD: H-BaC-SL (Bay City), E-PIP-SL (Presque Isle State Park), and 
S-Ma-SL (Marathon) (Figure 4-1). When considering all 66 sampling locations, no 
outliers were identified at 1% significance for log-transformed data using a Rosner’s Test 
for Outliers for count per m2 and mass per m2. 
A non-parametric one-way ANOVA (Kruskal-Wallis Test) was run to determine if VPD 
count or mass were significantly different between lakes. Both count (p = 0.425) and 
mass (p = 0.837) suggest that there are not significant differences for VPD count or mass 
between the lakes at α = 0.05. Descriptive statistics calculated by lake are shown for both 
VPD count and mass in Table 4-1. A two-sided Wilcoxon-Mann-Whitney Test was 
performed at α = 0.05 to compare locations in the US to those in Canada. The null 
hypothesis was not rejected for either count or mass values, meaning that beaches from 
the US and Canada are from the same population with regard to both count (p = 0.886) 




Figure 4-1: Total VPD a) count per m2 and b) mass per m2 by sampling station. Pellet data and 
population by watershed are from Corcoran et al. (2020a). 
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Table 4-1: Descriptive statistics for VPD count and VPD mass per m2. 
Station Count Min. Max. Mean Median Std. Dev. Var. 
VPD Count (items m-2) 
     
Erie 10 0 23.7 10.0 8.5 8.8 783 
Huron 14 0 805.5 61.2 3.7 214.3 459,048 
Michigan 15 0.2 69.0 17.9 5.0 20.9 4,362 
Ontario 9 0.1 688.1 80.5 1.3 228.0 519,890 
Superior 18 0 100.9 11.6 4.1 23.3 5,410 
VPD Mass (g m-2) 
     
Erie 10 0 3.577 1.212 1.131 1.11 12.3 
Huron 14 0 18.332 1.892 0.534 4.76 227 
Michigan 15 0.0042 41.950 4.662 1.653 10.58 1,120 
Ontario 9 0.0002 32.507 4.702 0.139 10.56 1,114 
Superior 18 0 7.492 1.726 0.542 2.37 56.2 
 
4.2 Morphology and Colour 
The top 3 morphologies (pellets, fragments, and foams) account for 95.0% of all VPD 
items by count (Figure 4-2) and at least 85% of all VPD by count for each lake (Figure 
4-3). These three morphologies alone are used by some studies (e.g. Zbyszewski et al., 
2014) to classify all VPD items. However, for future reproducibility and to facilitate 
comparison between studies, the additional categories of films, fibres, rubbers, and 
textiles were also considered, as per the GESAMP (2019) definitions. These categories 
collectively contained 1,005 items. Additionally, 72 items were classified as multiple 









Figure 4-3: Percent stacked column chart of VPD morphology by lake. 
Colour categorization is important because certain colours are favored by certain 
organisms (Santos et al., 2016). Additionally, any attempt by future researchers to 
correlate secondary microplastics with VPD will likely use colour as a correlating factor 
in addition to morphology and polymer. Moreover, certain products can be readily 
identified by colours that are unique to the product design (e.g. Sprite caps are always 
green). A total of 8,986 items were classified by colour (colour data from pellets are in 
Corcoran et al., 2020a and colour was not recorded for 11 items). Colour interpretation is 
a relatively subjective metric, and therefore colours were assigned to broad colour 
groups, which are shown in Figure 4-4. White/off-white coloured VPD accounted for 
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Figure 4-4: Total VPD count by colour grouping. Excludes pellets (see Corcoran et al., 2020a).  
4.3 Size Fractions 
When parsed out by size fraction, the VPD were represented by 14,775 items (68.4%) in 
the 1 to 5 mm range (microplastics), 5,898 items (27.3%) in the 5 to 25 mm range 
(mesoplastics), and 919 items (4.3%) in the >25 mm range (macroplastics). On the other 
hand, when measured by mass, the microplastic fraction accounted for 256.1 g (14.1%), 
mesoplastic for 470.6 g (25.9%), and macroplastic for 1,0926 g (60.1%) (Table 4-2). The 
differences by lake can be viewed in box plots by size fraction for count and mass in 
Figure 4-5 (microplastics), Figure 4-6 (mesoplastics), Figure 4-7 (macroplastics), and 
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Table 4-2: Summary of VPD count and mass by fraction for all 66 locations, sorted by lake and 
descending by total VPD count. 
 
1.0 - 5.0 5.0 - 25 > 25 All 1.0 - 5.0 5.0 - 25 > 25 All 1.0 - 5.0 5.0 - 25 > 25
E-CRES-SL 12.7 10.3 0.7 23.7 0.16 0.92 0.60 1.68 0.01 0.09 0.85
E-FH-SL 9.8 10.2 2.0 22.0 0.21 1.47 1.90 3.58 0.02 0.14 0.95
E-EVG-SL 6.0 10.9 0.3 17.2 0.04 0.78 0.09 0.90 0.01 0.07 0.29
E-CB-SL 6.0 6.5 0.9 13.4 0.13 0.82 1.17 2.12 0.02 0.13 1.30
E-PS-SL 4.2 3.9 1.2 9.3 0.06 0.40 1.06 1.52 0.01 0.10 0.88
E-CEB-SL 2.5 3.6 1.6 7.7 0.03 0.42 0.91 1.36 0.01 0.12 0.57
E-HH-SL 2.8 2.6 0.4 5.8 0.05 0.17 0.61 0.83 0.02 0.07 1.52
E-JALP-SL 0.1 0.2 0.2 0.5 0.002 0.01 0.02 0.03 0.02 0.03 0.12
E-PC-SL 0 0.2 0 0.2 0 0.11 0 0.11 0 0.54 0
E-PIP-SL 0 0 0 0 0 0 0 0 0 0 0
H-SarBx-SL 630.5 173.7 1.3 805.5 12.41 4.58 1.34 18.33 0.02 0.03 1.03
H-SunB-SL 10.8 1.1 0.2 12.1 0.23 0.28 0.02 0.53 0.02 0.26 0.10
H-SouB-SL 5.9 1.4 1.0 8.3 0.12 0.13 1.12 1.37 0.02 0.09 1.12
H-HilB-SL 2.1 5.1 0.2 7.4 0.01 0.17 0.09 0.27 0.003 0.03 0.45
H-OBP-SL 0.5 4.1 0.1 4.7 0.01 0.29 0.09 0.40 0.02 0.07 0.95
H-GVB-SL 0.5 2.3 1.7 4.5 0.005 0.52 1.18 1.70 0.01 0.23 0.69
H-WB-SL 1.2 2.3 0.8 4.3 0.02 0.16 0.49 0.67 0.02 0.07 0.61
H-PA-SL 0.6 2.0 0.4 3.0 0.002 0.06 0.63 0.69 0.003 0.03 1.57
H-HurB-SL 1.7 1.2 0 2.9 0.01 0.08 0 0.09 0.01 0.06 0
H-HarB-SL 1.7 0.7 0.3 2.7 0.03 0.12 0.39 0.54 0.02 0.17 1.29
H-B3-SL 0 0.3 0.4 0.7 0 0.02 1.48 1.50 0 0.06 3.70
H-BCPP-SL 0 0.3 0.1 0.4 0 0.04 0.03 0.07 0 0.15 0.29
H-PB-SL 0 0.1 0.1 0.2 0 0.001 0.33 0.33 0 0.01 3.29
H-BaC-SL 0 0 0 0 0 0 0 0 0 0 0
M-GB-SL 8.6 32.5 27.9 69.0 0.14 6.05 35.76 41.95 0.02 0.19 1.28
M-BV-SL 21.1 21.9 4.8 47.8 0.41 3.01 5.05 8.47 0.02 0.14 1.05
M-KEN-SL 17.6 19.0 4.2 40.8 0.34 2.44 2.59 5.37 0.02 0.13 0.62
M-SHE-SL 18.0 8.0 0.6 26.6 0.36 0.84 0.45 1.65 0.02 0.11 0.75
M-WD-SL 13.2 9.5 1.7 24.4 0.27 1.21 1.44 2.92 0.02 0.13 0.85
M-OB-SL 9.1 10.5 1.8 21.4 0.19 1.06 1.04 2.30 0.02 0.10 0.58
M-AL-SL 8.1 10.2 1.3 19.6 0.14 1.58 1.77 3.48 0.02 0.15 1.36
M-PW-SL 1.6 2.4 1.0 5.0 0.02 0.29 1.75 2.07 0.01 0.12 1.75
M-ES-SL 0.2 4.1 0.4 4.7 0.0003 0.67 0.13 0.79 0.002 0.16 0.32
M-BB-SL 0.9 1.8 0.3 3.0 0.01 0.09 0.08 0.17 0.01 0.05 0.26
M-TC-SL 1.3 0.7 0.3 2.3 0.001 0.06 0.05 0.11 0.001 0.09 0.15
M-OD-SL 0.4 0.8 0.8 2.0 0.01 0.04 0.32 0.37 0.02 0.05 0.40
M-CHI-SL 0.8 0.7 0.3 1.8 0.004 0.03 0.23 0.27 0.01 0.05 0.76
M-BR-SL 0.1 0.1 0 0.2 0.002 0.002 0 0.004 0.02 0.02 0
M-MA-SL 0 0.1 0.1 0.2 0 0.002 0.01 0.01 0 0.02 0.08
O-BB-SL 506.9 161.2 20.0 688.1 6.75 9.47 16.28 32.51 0.01 0.06 0.81
O-SODUS-SL 14.7 11.7 0.6 27.0 0.34 1.14 0.30 1.79 0.02 0.10 0.50
O-CSSP-SL 0.2 3.1 2.7 6.0 0.005 0.31 4.06 4.37 0.02 0.10 1.50
O-PL-SL 0.8 0.4 0.1 1.3 0.01 0.01 0.02 0.04 0.01 0.03 0.15
O-PO-SL 0.1 0.3 0.9 1.3 0.002 0.30 3.06 3.36 0.02 1.00 3.40
O-OBP-SL 0 0.6 0 0.6 0 0.11 0 0.11 0 0.19 0
O-Crerar-SL 0 0.1 0 0.1 0 0.14 0 0.14 0 1.39 0
O-HBPW-SL 0 0.1 0 0.1 0 0.0002 0 0.0002 0 0.002 0
O-LVP-SL 0 0.1 0 0.1 0 0.01 0 0.01 0 0.06 0
S-Rt-SL 99.1 1.8 0 100.9 2.08 0.25 0 2.33 0.02 0.14 0
S-Kt-SL 16.7 2.5 0 19.2 0.32 0.36 0 0.68 0.02 0.14 0
S-BSPt-SL 11.2 5.2 1.0 17.4 0.23 0.59 0.47 1.29 0.02 0.11 0.47
S-MBt-SL 6.2 8.1 1.9 16.2 0.10 1.26 3.95 5.31 0.02 0.16 2.08
S-SPt-SL 3.7 9.7 1.2 14.6 0.03 1.33 5.05 6.41 0.01 0.14 4.21
S-BT-SL 8.7 4.1 1.7 14.5 0.18 1.03 1.79 3.00 0.02 0.25 1.05
S-MIt-SL 1.4 3.2 0.3 4.9 0.02 0.31 0.04 0.37 0.01 0.10 0.14
S-LSO-SL 0.5 3.2 0.7 4.4 0.002 0.08 0.14 0.22 0.005 0.02 0.20
S-Pt-SL 0.8 2.8 0.8 4.4 0.01 0.33 2.14 2.48 0.02 0.12 2.67
S-GMt-SL 2.6 1.2 0 3.8 0.04 0.37 0 0.40 0.01 0.31 0
S-Sht-SL 0.7 1.7 0.3 2.7 0.01 0.03 7.46 7.49 0.01 0.02 24.87
S-GMDT-SL 1.4 0.6 0.1 2.1 0.03 0.46 0.20 0.69 0.02 0.76 2.00
S-Batt-SL 0.2 1.0 0 1.2 0.004 0.01 0 0.02 0.02 0.01 0
S-Mt-SL 0.9 0.3 0 1.2 0.02 0.02 0 0.04 0.02 0.08 0
S-Ft-SL 0.1 0.8 0 0.9 0.0001 0.02 0 0.02 0.001 0.02 0
S-PRt-SL 0 0.5 0.2 0.7 0 0.20 0.10 0.31 0 0.41 0.52
S-LSH-SL 0 0.2 0 0.2 0 0.002 0 0.002 0 0.01 0
S-Ma-SL 0 0 0 0 0 0 0 0 0 0 0
Std. Dev. of Fraction 98.8 28.8 4.2 128.7 1.73 1.51 4.88 6.80 0.01 0.23 3.11
Sum of Fraction 1477.5 589.8 91.9 2159.2 25.61 47.06 109.26 181.93 N/A N/A N/A




































Figure 4-5: Box plots of VPD a) count and b) mass per beach for the 1.0 – 5.0 mm size fraction. Long 




Figure 4-6: Box plots of VPD a) count and b) mass per beach for the 5.0 – 25 mm size fraction. Long 




Figure 4-7: Box plots of VPD a) count and b) mass per beach for the >25 mm size fraction. Long 




Figure 4-8: Box plots of VPD a) count and b) mass per beach for the sum of all size fractions. Long 
green bars are means; short blue are SD. *St. Clair system results are discussed in Chapter 6. 
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4.4 Polymers and Other Materials 
As noted in Chapter 3, polymer identification in this study was not conducted randomly 
to determine the proportion of polymers represented by the VPD collected. Instead, 
polymers were identified through multiple visual methods whenever possible. A total of 
9,025 Great Lakes VPD items were categorized (Great Lakes pellet data are included 
separately in Corcoran et al., 2020b). One third of the VPD (3,004 items) were identified 
by polymer through a variety of methods (Figure 4-9) whereas the balance were flagged 
as “Unknown” in the database (Appendix B). The most common method employed was 
identification by physical properties (PID) or known polymer usage (KU). Forty-three 
VPD polymers were determined through either RICs or stamped/injection moulded 
polymer names (>stamped<). Informative FTIR spectroscopic analysis was performed to 
positively identify additional polymers. 
Although EPS (expanded polystyrene), XPS (extruded polystyrene), and rigid PS are all 
the same polymer, they are listed separately because differentiation can aid sourcing and 
item use determinations. Additionally, the different properties of EPS, XPS, and rigid PS 
can affect their environmental fate and preferential ingestion by certain organisms. 
Polymers flagged with an asterisk (*) indicate undifferentiated polymers – that is 
polymers which could be narrowed to a polymer grouping but not a specific polymer. For 
PE (polyethylene), when a low density (LD) or high density (HD) differentiation could 
not be made, the items were assigned PE*. This was often the case for PE films and 
foams, which would require density testing to differentiate between high density PE 
(HDPE) and low density PE (LDPE). For items identified as nylon (such as clothing tag 
fasteners and zip ties), differentiation between nylon 6 and nylon 6,6 could not be made 
visually. Polyurethanes (PU) are actually a group of structurally similar polymers, which 
again, could not be differentiated using visual methods. Nonetheless, many studies that 
rely on spectroscopy for polymer determination have not differentiated between these 
polymers (e.g. Lenaker et al., 2019; Grbić et al., 2020). 
A total of 75 items were selected for polymer determination by FTIR, including VPD 
from the St. Clair system and upland debris. Sixty-four analyses were performed on 63 
VPD from the Great Lakes (the PET; PE identification was the petal and stem portions of 
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an artificial flower respectively). See Appendix C for full results. Unfortunately, 8 items 
analyzed were unable to be identified as a specific polymer. 
 
Figure 4-9: VPD count by identified polymer grouping and determination method. Excludes pellets 
(see Corcoran et al., 2020a). * Undifferentiated 
Of the 3,004 VPD identified by polymer, 40.8% (n =1,227) were identified as expanded 
polystyrene (EPS), about double that of the second most identified, polypropylene (PP) 
(20.5%; n = 617). All EPS items were initially identified through PID and/or KU, a 
relatively easy task due to the unique visual and tactile nature of EPS foams, whereas 
select PS foams were confirmed by FTIR. Cellulose acetate (CA) items comprised 11.2% 
(n = 336) of identified polymers. All CA items were cigarette butts. Two hundred fifty-
seven items (8.6%) were composed of XPS, 148 (4.9%) of LDPE, 137 (4.6%) of HDPE, 


































118 (3.9%) of undifferentiated PE, 47 (1.6%) of undifferentiated nylon, 30 (1.0%) of 
undifferentiated PU, 19 (0.6%) rigid PS, 18 (0.6%) of natural rubber latex, 10 (0.3%) of 
undifferentiated PS, 8 (0.3%) of PVC, and 8 (0.3%) of polyethylene terephthalate (PET). 
The remaining VPD combined, represent under 1% of all items identified by polymer: 
polytetrafluoroethylene (PTFE), flashspun HDPE, an item containing polypropylene (PP) 
and latex, polyoxymethylene (POM), polymeric cellulose (celluloid), an item containing 
both PET and PE, PE + PP + talc, rubbery hydrocarbon, rubbery substance (potentially 
butadiene), thermoplastic polyolefin (TPO), polycarbonate (PC), glass fibre reinforced 
polypropylene, 10% (GFPP-10), and ethylene-vinyl acetate copolymer (EVAC). 
Other materials that were not easily quantifiable were recorded, when possible, in 
Appendix B. These other materials sometimes consisted of multiple types of polymers 
utilized on the same item (such as a PP bottle cap with liner) or a combination of 
polymeric materials and non-plastics, such as paper on relatively unweathered cigarette 
butts or aluminium used in metalized multilayered food packaging. Caution should be 
taken if utilizing these data for analyses, as this category simply provides supplemental 
item information not always captured in the description or morphology columns of 
Appendix B. 
4.5 Item Use 
Of the 21,592 VPD collected between this study and Corcoran et al. (2020a), the top 25 
identified items by known usage (items not flagged “unidentified” in Appendix B) 
accounted for nearly three fourths of the total items collected (n = 15,559; 72.1%). 
Preproduction plastic pellets (hereafter pellets) accounted for over half of the total items 
(n = 12,595; 58.3%). The top 50 VPD by item use (including “unidentified” items) 
account for 97.8% of all VPD (n = 21,115) (Figure 4-10). By ranking the top 25 VPD by 
item use for each size fraction, the first and second ranked items for the microplastic and 
mesoplastic size fractions are pellets and unidentified fragments respectively (Table 4-3). 
The most common macroplastic items were unidentified fragments followed by plastic 
straws (Figure 4-10; Table 4-3). Both Figure 4-10 and Table 4-3 indicate which items are 
either being regulated by New York State (NYSDEC, 2020) or are proposed for 




Figure 4-10: Bar chart in log scale showing the top 50 VPD by item use. Pellet data from Corcoran et 
al. (2020a). * GC proposed ban, ** 2020 NYS ban & GC proposed ban, † GC proposed reusable 








































































water bottle cap (PE)^














chemical resistant HDPE jug
cigarette plastic filter^
balloon








bottle cap liner - drink^
thread/string
balloon string





Table 4-3: Top 25 VPD by item use, per size fraction. Percentages refer to percent of total VPD items 
in size fraction. See Figure 4-10 for key to symbols. 
 
1.0 mm - 5.0 mm 5.0 mm - 25 mm >25 mm 
Item Use n % Item Use n % Item Use n % 





2,282 15.45 unidentified 
fragment 
1,377 23.35 plastic straw* 80 8.71 
3 unidentified EPS 
foam 
777 5.26 cigarette butt^ 335 5.68 food/drink 
wrapper‡ 
71 7.73 
4 plastic flash/burr 543 3.68 foam drink cup* 179 3.03 water bottle cap 
(PE)^ 
55 5.98 
5 foam drink cup* 132 0.89 bottle cap – drink^ 147 2.49 bottle cap - drink^ 51 5.55 
6 unidentified foam 103 0.70 unidentified EPS 
foam 
141 2.39 drink cup†‡ 26 2.83 
7 unidentified XPS 
foam 
100 0.68 food/drink 
wrapper‡ 
103 1.75 pen 26 2.83 
8 container - non 
food 
83 0.56 plastic flash/burr 94 1.59 shotgun wad/gas 
seal 
26 2.83 
9 bottle cap - drink^ 65 0.44 unidentified foam 94 1.59 container - 
undifferentiated 
23 2.50 
10 unidentified film 42 0.28 plastic straw* 87 1.48 pull tab/tear tab 20 2.18 
11 plastic straw* 37 0.25 unidentified film 81 1.37 bottle cap w/ liner 
– drink^ 
17 1.85 
12 artificial plant 35 0.24 cigar/cigarillo tip 62 1.05 unidentified film 17 1.85 
13 foam insulation 
board 
35 0.24 foam insulation 
board 
61 1.03 cigar/cigarillo tip 11 1.20 
14 food/drink 
wrapper‡ 
20 0.14 foam plate/ 
container/egg 
carton* 
55 0.93 children’s toy 11 1.20 
15 container - 
undifferentiated 
17 0.12 container - 
undifferentiated 
51 0.86 balloon string 10 1.09 
16 spray foam 
insulation 
14 0.09 artificial plant 47 0.80 brush bristles 10 1.09 
17 bottle cap - 
undifferentiated 
13 0.09 bottle cap - 
undifferentiated 
38 0.64 plastic utensil* 10 1.09 
18 foam plate/ 
container/egg 
carton* 
12 0.08 shotgun wad/gas 
seal 





12 0.08 unidentified XPS 
foam 
37 0.63 end cap 9 0.98 
20 tag fastener 11 0.07 milk/tea/juice/water 
jug fragment^ 
26 0.44 milk/tea/juice/water 
jug fragment^ 
8 0.87 
21 zip tie 11 0.07 pen 25 0.42 rope 7 0.76 
22 chemical resistant 
HDPE jug 
10 0.07 end cap 24 0.41 bottle cap - non 
food 
6 0.65 
23 balloon 9 0.06 packing peanuts 24 0.41 flower pot 6 0.65 
24 PU type foam 9 0.06 children’s toy 23 0.39 foam drink cup* 6 0.65 
25 unidentified rubber 9 0.06 paint chip 22 0.37 plastic bag** 6 0.65 
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4.6 Parent Company 
Out of the 279 VPD that were identified by brand name, product name, or product text, 
264 VPD items (94.6%) were positively attributed to 83 different parent companies. The 
remaining 15 items (8 different unidentified brands) were left in Appendix B as 
undetermined. The top 12 parent companies by number of VPD items identified are listed 
in Table 4-4. Note that no microplastics were linked to parent companies due to their 
often fragmented and oxidized nature. Single-use plastics are the most common items for 
every company on the top 12 list (Table 4-4). 
Table 4-4: Most frequently identified parent companies from branded items. Percent of total is 
percent of total items linked to a parent company. 




5.0 mm – 
25 mm 
25 mm – 
1,000 mm 
Sum 
1 CORVAGLIA MOULD AG 
(cr-cap brand) 
bottle caps -- 30 30 
2 R.J. Reynolds Tobacco Company cigarettes 23 -- 23 
3 Altria Group, Inc.  
(p.k.a. Philip Morris Companies, 
Inc.) 
cigarettes 18 4 22 
4 PepsiCo, Inc. bottle caps 5 12 17 
5 Cerberus Capital Management, L.P.  
(CSI brand) 
bottle caps 4 12 16 
6 The Coca-Cola Company bottle caps 7 6 13 
7 BERICAP Holding GmbH bottle caps -- 11 11 
7 British American Tobacco cigarettes 11 -- 11 
9 Kraft Heinz Company food wrappers 1 7 8 
9 Mars, Incorporated food wrappers 1 7 8 
11 Grand River Enterprises cigarettes 6 -- 6 
12 Philip Morris International Inc. cigarettes 5 -- 5 
4.7 Country of Origin 
In total, 119 VPD items were tied to a country of origin, with 1 VPD item each from 
Brazil and Cuba and the balance from US or Canada. Of the 76 items determined to 
originate from the US, 4 items (5.3%) were collected from a total of 4 Canadian sampling 
60 
 
stations. The Canadian samples that had VPD originating from the US were E-SB-SL, O-
BB-SL, H-SunB-SL, and E-PS-SL (Figure 4-11). Likewise, of the 41 items that 
originated from Canada, 2 items (4.9%) were found in 2 US samples. Samples from US 
beaches with Canada-originated VPD were S-SPt-SL and O-PO-SL (Figure 4-11). 
 
Figure 4-11: Canadian beaches with samples containing US debris and US beaches with samples 
containing Canadian debris. 
4.8 Other Categorizations 
Appendix B is a spreadsheet of all VPD items from this study and all associated 
characterizations. Additional characterizations not previously described are as follows: 
4.8.1 Year 
Few studies have attempted to determine the ages of plastics in the environment (e.g. 
Ryan et al., 2019), and none have been conducted in the LGLS. Years were determined 
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for only 11 VPD items in the present study. The years imprinted or stamped on the 
products or determined based on company mergers and acquisitions ranged from ca. 1971 
to 2019. Four VPD items were identified based on copyright year (1971, 2013, 2014, and 
2017) and two RICAL SA bottle caps are estimated to have formed before ca. 1980 based 
on the defunct status of the company. Two dates were best before or best by dates for 
processed foods (September 1, 2017 and March 28, 2019). One item each was identified 
by the following means: year stamped into plastic (2003), printed on a foodstuff wrapper 
(2016), and in the code of an inspection sticker (2018).  
The ages determined should be interpreted with caution and are certainly not quantitative 
in nature. Instead, the inferred older ages provide insights into the persistent nature of 
plastic pollution in both the LGLS and globally. Determination of year does not mean the 
year the item was released into the environment (Ryan et al., 2019). In fact, there could 
be anywhere from a few days to a few decades lag time between when an item is 
manufactured, when it enters use, and when it enters the environment. Moreover, patent 
and copyright dates could lag the date of manufacture by decades, as those dates do not 
need to be regularly updated. 
4.8.2 OSPAR Commission, NOAA & BFFP Categorizations 
Annex II in GESAMP (2019) provides a table of existing VPD monitoring protocols, 
including those meant for shorelines. None of these protocols are tailored for freshwater 
environments, but many overlaps remain with lacustrine systems. The OSPAR 
Commission (100 m) and NOAA categorization protocols are listed in this Annex, 
although BFFP is not. See Appendix B for how these categorization systems were applied 
to the VPD from this study. 
4.8.3 General Waste Regulatory Category 
The VPD were divided into general waste regulatory categories because waste 
regulations differ slightly between the US and Canada. All 12,595 pre-production pellets, 
as well as 386 flash/burrs (FB) from Bronte Beach, Lake Ontario and Baxter Beach, Lake 
Huron (60.0% of total FB) are classified as industrial solid waste. A capped used syringe 
(medical waste), lighter with isobutane (household hazardous waste [HHW]), and a 
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passive RFID barcode strip (e-waste) were classified accordingly. The remaining 8,608 
VPD (39.9% of total) were classified as MSW. This includes the remaining 257 FB 
because their source attribution is speculative. In a beach cleanup setting, all VPD with 
the exception of the used syringe could be disposed of as MSW or recycled, as 
applicable. 
4.9 Matrix Scoring Technique 
The 2nd through 50th most abundant VPD by item use (corresponding to 94.7% of all non-
pellet VPD) were utilized for the MST. A modified version of Scoring System E from 
Tudor & Williams (2004) was utilized for the MST, as recommended by the EU MSFD 
(Veiga et al., 2016). Pellets were excluded from the MST because their general source 
sector is already known (the plastics industry). By applying a weighted percentage based 
on total item count and probability phraseology, it was determined that an estimated 41.8 
% of VPD considered in the MST originated from urban sources (sewage related debris), 
followed by 39.1% from shoreline recreation, and 19.1% from agriculture (Table 4-5). 
Note that SRD can include industrial (and thereby the plastics industry) since industrial 
land use is often in urban areas. 
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Table 4-5: Application of the MST. SHORE = shoreline recreation, SRD = sewage related debris 






















2 unidentified fragment 3805 42.29 44.66 L L P 17.86 17.86 8.93
3 unidentified EPS foam 921 10.24 10.81 L L P 4.32 4.32 2.16
4 plastic flash/burr 643 7.15 7.55 P L L 1.51 3.02 3.02
5 cigarette butt 336 3.73 3.94 LL LL U 1.94 1.94 0.06
6 foam drink cup 317 3.52 3.72 LL LL U 1.83 1.83 0.06
7 bottle cap - drink 263 2.92 3.09 LL LL U 1.52 1.52 0.05
8 plastic straw 204 2.27 2.39 LL LL U 1.18 1.18 0.04
9 unidentified foam 201 2.23 2.36 L L P 0.94 0.94 0.47
10 food/drink wrapper 194 2.16 2.28 LL LL U 1.12 1.12 0.04
11 unidentified film 140 1.56 1.64 P P P 0.55 0.55 0.55
12 unidentified XPS foam 139 1.54 1.63 L L P 0.65 0.65 0.33
13 container - non food 101 1.12 1.19 U P P 0.24 0.47 0.47
14 foam insulation board 98 1.09 1.15 U L U 0.19 0.77 0.19
15 container - undifferentiated 91 1.01 1.07 U P P 0.21 0.43 0.43
16 artificial plant 85 0.94 1.00 UU LL LL 0.00 0.50 0.50
17 cigar/cigarillo tip 73 0.81 0.86 LL LL U 0.42 0.42 0.01
18 foam plate/container/egg carton 71 0.79 0.83 LL LL U 0.41 0.41 0.01
19 shotgun wad/gas seal 64 0.71 0.75 LL U L 0.65 0.02 0.08
20 water bottle cap (PE) 62 0.69 0.73 L L U 0.32 0.32 0.08
21 bottle cap - undifferentiated 51 0.57 0.60 U P P 0.12 0.24 0.24
22 pen 51 0.57 0.60 L L U 0.27 0.27 0.07
23 milk/tea/juice/water jug fragment 46 0.51 0.54 LL LL U 0.27 0.27 0.01
24 drink cup 38 0.42 0.45 LL LL U 0.22 0.22 0.01
25 children's toy 36 0.40 0.42 LL P NC 0.40 0.02 0.00
26 end cap 33 0.37 0.39 U P L 0.06 0.11 0.22
27 unidentified rubber 33 0.37 0.39 P P P 0.13 0.13 0.13
28 plastic sheeting 28 0.31 0.33 U P L 0.05 0.09 0.19
29 paint chip 27 0.30 0.32 P L P 0.08 0.16 0.08
30 spray foam insulation 27 0.30 0.32 P L U 0.09 0.18 0.05
31 bottle cap - non food 25 0.28 0.29 U P P 0.06 0.12 0.12
32 pull tab/tear tab 25 0.28 0.29 LL LL U 0.14 0.14 0.00
33 packing peanuts 24 0.27 0.28 UU L P 0.01 0.18 0.09
34 unidentified fibre 23 0.26 0.27 L LL P 0.03 0.23 0.01
35 chemical resistant HDPE jug 21 0.23 0.25 UU L L 0.01 0.12 0.12
36 cigarette plastic filter 19 0.21 0.22 LL LL U 0.11 0.11 0.00
37 balloon 18 0.20 0.21 LL LL NC 0.11 0.11 0.00
38 bottle cap w/ liner - drink 18 0.20 0.21 LL LL U 0.10 0.10 0.00
39 pool noodle 18 0.20 0.21 LL P NC 0.20 0.01 0.00
40 tag fastener 17 0.19 0.20 LL L UU 0.18 0.02 0.00
41 zip tie 17 0.19 0.20 P L LL 0.01 0.02 0.17
42 brush bristles 15 0.17 0.18 U L L 0.02 0.08 0.08
43 PU type foam 15 0.17 0.18 U L U 0.03 0.12 0.03
44 cigarette carton film 14 0.16 0.16 LL LL U 0.08 0.08 0.00
45 cotton bud stick 14 0.16 0.16 LL LL NC 0.08 0.08 0.00
46 bottle cap liner - drink 13 0.14 0.15 LL LL U 0.08 0.08 0.00
47 thread/string 13 0.14 0.15 LL L U 0.13 0.02 0.00
48 balloon string 11 0.12 0.13 LL LL NC 0.06 0.06 0.00
49 foam drink cup w/ film 11 0.12 0.13 LL LL U 0.06 0.06 0.00
50 plastic bag 11 0.12 0.13 LL LL U 0.06 0.06 0.00
















Chapter 5  
5 Discussion & Conclusions 
5.1. Discussion 
The widespread presence of VPD on Great Lakes beaches is yet another indicator that we 
are in the proposed Anthropocene epoch. Debris were found on 63 of the 66 beaches, 
with item counts ranging from 0 to 805.5 items m-2 and detected item mass ranging from 
0.139 to 42.0 g m-2. The results of this study enable discussion of the following topics 
regarding VPD in the LGLS: i) Pathways and Deposition, ii) Methods of Degradation, iii) 
Potential Sources, iv) Effects of Beach Grooming, v) Novel Polymer Identification 
Method, vi) Parent Company and Implications for Accountability, vii) Implications of 
VPD Items Identified, and viii) Possible Solutions. 
5.1.1. Pathways and Deposition 
There are various transport pathways for VPD found on beaches. The most direct 
pathway is deposition of VPD in situ by beach users. Plastics can also be deposited on 
beaches as windswept or wave-transported debris. Another pathway is either inadvertent 
or intentional littering from overwater activities and industries, including mercantile 
vessels, the fishing industry, and recreational activities. An additional pathway is release 
of treated industrial and municipal wastewater discharges because WWTPs capture most, 
but not all plastics (Mason et al., 2016a; Michielssen et al., 2016). A significant, but 
sometimes overlooked source is that of upland debris, which are transported by 
waterways (e.g. streams and rivers) and/or sewers (e.g. separate or combined sewer 
systems). Figure 5-1 provides examples of VPD in urban and suburban settings within the 
City of London, Ontario. All of the items pictured were also found on Great Lakes 
beaches in this study. Although this was by no means a quantitative analysis, the debris 
observed are typical of debris found in populated areas. If the photographed VPD are not 
collected and properly disposed of, they will ultimately be transported to waterways or 
fragment into secondary microplastics that reach waterways. Characterizing VPD is 
important because many of the products will ultimately fragment into secondary 




Figure 5-1: Examples of upland (terrestrial) debris as possible sources to the LGLS. All photos taken 
in London, Ontario: a) poly strapping bands at a construction site, b) string trimmer line on 
university grounds, c) recycled tire mulch (black items) washed down from a playground towards the 
Thames River, d) a corregated sign in a residential area, e) windswept debris preferentially 
accumulated along a fenceline, f) accumulated debris in a plowed parking lot. 
The transport and deposition of plastics and other anthropogenic debris is often 
associated with particulate organic matter, such as leaves, roots, twigs, uprooted 
submerged aquatic vegetation, and dead macroinvertebrates (Corcoran et al., 2015; 
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Corcoran et al., 2017). This trend was directly measured by Lazcano et al. (2020) on four 
Lake Michigan beaches in Chicago, Illinois and is an ecological predicament faced by 
beach owners who seek to remove accumulated ‘beach cast’, which includes the organic 
matter that provides food and habitat for organisms (Zielinski et al., 2019). Plastics can 
either co-accumulate loosely with organic matter as beach cast on the strandline or can 
get entangled with organic matter during transport and deposition (Figure 5-2). All of the 
66 beaches in this study were sampled for plastic debris along the strandline where the 





Figure 5-2: Two forms of POM co-accumulation: a) VPD co-accumulated with POM on strandline at 
Bronte Beach, Lake Ontario, b) sticks, roots, reeds, grasses, and other organic matter tangled with 
fishing line of varying thicknesses and colours, threads, balloon string, ribbon, tarp fibres, and other 
fibres (from Ipperwash Beach, Lake Huron). 
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5.1.2. Methods of Degradation 
Polymers degrade at rates that vary by orders of magnitude. For example, polyvinyl 
alcohol (PVAL), which is water soluble, biodegrades in a variety of conditions in mere 
days to weeks (Halima, 2016). However, most solid polymers resist degradation for 
hundreds of years to an indefinite length of time – qualities that make plastics desirable 
for human use but undesirable in the open environment. Degradation rates are mostly 
dependent on polymer type, additives present, and environmental conditions (Eubeler et 
al., 2010), but studies to date that have examined biodegradation are limited in scope. 
Chamas et al. (2020) extrapolated half-lives of polymers using specific surface 
degradation rates (SSDR) – defined as the volume of material lost by thickness over a 
specified time. The authors determined that in the marine environment, an HDPE bottle 
has a half-life of 60 years, whereas a pipe of the same polymer has an estimated half-life 
of 1,200 years due to differing item thicknesses. Polylactic acid (PLA) is a bioplastic 
derived from renewable resources, is a replacement for PET and other polymers, and is 
compostable under industrial conditions. Although PLA degrades about 20 times faster 
than HDPE on land, it has similar degradation rates to HDPE in the marine environment 
(Chamas et al., 2020). The implications are significant because a littered PLA item, 
despite being allegedly compostable, would remain in the environment, especially aquatic 
environments, for a very long time. The authors call for better experimental designs in 
future studies to improve degradation models. 
Similarly, Ward & Reddy (2020) call for better data regarding the persistence and 
degradation of common plastic goods. The authors reviewed 57 infographics and 
documents from a variety of institutions, including NOAA and UNEP, that report 
environmental lifetimes of consumer goods. They found that most claims were not based 
on peer reviewed studies and underlying data were not available. For example, 40 of the 
54 estimates regarding the environmental lifetime of a plastic water bottle were 450 
years; a claim that likely came from a NOAA laboratory and State government but could 
not be tied to any empirical study. Moreover, the variation in environmental lifetimes 
between these infographics are many orders of magnitude apart. Styrofoam (PS) cups 
were reported to last anywhere from one year to indefinitely in the environment (Ward & 
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Reddy, 2020). Improved biodegradation data will help achieve a better understanding of 
the environmental fate of commonly littered plastics. For instance, PS was assumed to 
only oxidize to CO2 from certain microbes and thermal oxidation (e.g. forest fires, 
incineration, backyard burning). However, Ward et al. (2019) provide direct evidence of 
complete photochemical oxidation of PS by sunlight to CO2 and partial photochemical 
oxidation to dissolved organic carbon, albeit on decadal to centurial timescales. This 
direct rebuttal of widely held beliefs demonstrates how little is known about the longevity 
of plastics in the environment.  
Due to the diverse sources and transport pathways of non-pellet plastics, many 
unconventional degradation mechanisms can act on these debris. Whereas typical 
degradation includes photooxidation by sunlight (Reddy et al., 2019) and mechanical 
weathering by abrasion (Corcoran et al., 2009), some sampled VPD items in the present 
study exhibited other weathering/degradation features. For example, some items from M-
GB-SL had apparent fish bites (similar to bites recorded by Carson, 2013) including the 
PE zip bag fragment in Figure 5-3a. Plastics that are completely oxidized through open 
burning will not contain any polymers in the leftover ash, although particulate and 
gaseous products of incomplete combustion will be present. However, polymers only 
partially burned will melt and reform upon cooling, as shown with the shotgun wads in 
Figure 5-3b. Molten plastics that form around sediment, rocks, shells, wood, and other 
natural debris can solidify into plastiglomerate, thereby incorporating the debris into the 
hardened plastic matrix (Corcoran et al., 2014). Multiple examples of clastic 
plastiglomerate were collected in this study. 
Some steel items with a polymer component were observed to be pedocemented, 
including a steel bottle cap with a bubbling liner from M-OD-SL (Figure 5-3c). 
Pedocementation is the process by which a corroded iron item endures cycles of iron 
leaching and precipitation into surrounding soil voids during soil wetting and drying 
events. These cycles of leaching and precipitation form a corrosion rind on the item and 
ultimately an iron oxide cement, which binds the surrounding soils to the iron item 
(Howard et al., 2015). Although it is unknown where the bottle cap underwent the 
process of pedocementation, it is likely that the process occurred in an upland 
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environment. Benthic sediment would not have provided the wetting and drying cycles 
needed to form the pedocemented layer, whereas beach sands would have hydraulic 
conductivity too high to facilitate the process. Debris in populated areas can also undergo 
extensive degradation from vehicular and/or foot traffic, as shown in Figure 5-3d. 
Attributing the source of degradation to traffic is very difficult for items found on 
beaches but could be inferred if VPD appear flattened in a manner inconsistent with 
natural weathering processes. 
 
Figure 5-3: Examples of unconventionally degraded debris: a) PE zip bag fragment and unidentified 
plastic fragment with apparent fish bites (M-GB-SL), b) shotgun wads partially burnt by open 
burning (Mitchell’s Bay, Ontario), c) a pedocemented steel bottle cap with bubbling polymer liner 




5.1.3. Potential Sources 
Although related to marine debris and not lacustrine debris, a National Marine Debris 
Monitoring Program (NMDMP) report prepared for USEPA involved the collection of 
238,103 debris items (Sheavly, 2007). The author determined that 48.8% of all items 
were sourced from land, 17.7% from oceans, and the balance from general sources (either 
land or ocean). Of the land-based items, straws (27.5%) followed by balloons (7.8%) 
were the most frequently identified. For general sourced items, plastic bottles (13.0%) 
and <1 m plastic bags (9.0%) were the most common. The tourism related industry was 
found to be the dominant source of items in a number of studies globally (Galafassi et al., 
2019). 
Multiple lines of evidence were used to determine country of origin. The images in 
Figure 5-4 show the following five lines of evidence: a) a product only available for 
purchase in one country, b) revised US Nutrition Facts (US FDA, 2020), c) American or 
Canadian English, d) subsidiary in respective country, and e) logos preferentially used in 
one country. United States beaches with Canadian VPD and Canadian beaches with US 
VPD were minor (n = 6) and therefore statistical analyses were not performed due to the 
small number of items (n = 6). The results suggest that: 1) items were released from one 
country and were transported via currents to a beach in the neighbouring country, and/or 
2) some items were purchased by Canadians in the US and then littered in Canada (or 
brought over by Americans and littered in Canada). This is possibly because many 
foodstuffs, especially processed foods, are less expensive in the US. 
The two items that appeared to be from countries outside the US and Canada were also 
food related – a “Litchi Gummy Super Juicy” candy wrapper (Japan) and an “Embare 
Caramel/Caramelo” candy wrapper (Brazil), . The likely scenario is that the items were 
sold in municipalities in the LGLS – either at regular stores or international specialty 
stores – or were brought over through airline passenger luggage. Note that individually 
wrapped food items part of a multi-pack do not need to be labeled to meet regulatory 
requirements, so long as the needed information is on the larger package. Additionally, it 
is possible that these items were littered from international ships, as a number of 
international ships pass through the LGLS (http://www.boatnerd.com/pictures/salty/, 
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http://alltrack.org/live-vessel-marine-traffic-ship-positions). This, however, seems to be a 
remote possibility because of the lack of shipping specific indicator items in this study. 
For example, Ryan et al. (2019) determined that 75% of bottles on the shoreline of a 
remote South Atlantic island were manufactured in Asian countries. The authors 
determined that due to the distance of the island to the continent of Asia (and low chance 
that currents would bring the debris from Asia), and because of the relatively intact 
nature of some of the bottles, they originated mainly from Chinese merchant ships. 
 
Figure 5-4: Examples of VPD that allow for apportionment of items to country of origin: a) 
“flavored” in American English (H-PA-SL), b) superimposed rBST/rBGH statement on hormone-
free milk jug cap (M-GB-SL), c) two Sprite bottle caps showing US and Canadian addresses and 
companies, and d) a food wrapper with multiple country determination features (M-WD-SL). 
Plastics are often fragmented in nature and ink on labels wears off after a few years in the 
environment (Ryan et al., 2019), making attribution much more challenging. Both the US 
and Canada share a universal product code (barcode) system, and therefore methods of 
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country attribution based on barcode (see Van Franeker, 2005) are not possible in the 
LGLS. Certain labels attributed to Canada because they contained English and French 
could have been from products sold in the US, provided that other labeling requirements 
were met. Manufacture markings that are not part of labels often do not indicate source of 
debris. For instance, a plastic part in sample M-GB-SL was stamped “Erie, PA” but was 
found in Lake Michigan, making release into upstream Lake Michigan from Erie 
impossible. Instead, this was an end cap produced by Niagara (now Caplugs) and sold as 
such throughout the US and possibly the world. Therefore, country of manufacture and 
country of purchase should not be confused because false attributions will arise. 
Although country attribution should not be used as an absolute metric, it can and should 
be an important tool for measuring success of plastic pollution programs on waterbodies 
shared by multiple countries. A country attribution method like the one conducted in this 
study could be used in long-term monitoring programs to determine whether Canada’s 
proposed regulation of select SUP items is working, or if the recent New York State 
plastic bag ban is reducing the number of plastic bags in Lake Ontario sourced from New 
York State. Country of origin determination of VPD on beaches could be used as a proxy 
for releases from the respective countries and could be used in conjunction with more 
certain but costly methods such as litter traps or booms in outfalls or rivers. Such a 
determination would not be flow or weather dependent (e.g. wet weather events would 
increase plastic loadings and would require water discharge measurements to determine 
loading). Low- and middle-income countries without the comprehensive network of 
water flow gauging stations present in the US and Canada would especially benefit from 
this country of origin method. 
Nonetheless, approximately 95% of VPD items attributed to both the US and Canada 
were found on beaches within the same country of origin. This information suggests that 
VPD items that are unweathered enough to determine a country of origin almost always 
originate from local sources. Unfortunately, country of origin determination is impossible 
for items that are too weathered to be categorized beyond “unidentified”. 
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To the best of my knowledge, this is the first study of plastic debris in a lacustrine system 
to utilize an MST to attribute VPD to sources. The 3 published studies utilizing an MST 
were all conducted in the marine environment (Tudor & Williams, 2004; Pieper et al., 
2019; Buckingham et al., 2020). Although some of the source categories used in the MST 
could overlap, they are treated as discrete categories for the purpose of the scoring 
technique. This is the trade-off between the advantage of sourcing more specifically by 
adding additional source categories (sectors) and the risk of some of those additional 
source sectors having some overlap. 
The EU MSFD recommendation is to include all collected items in the MST (thereby 
categorizing every item of VPD) (Veiga et al., 2016). Initially, OSPAR categories were 
assigned to every item for consideration in the MST. However, it was apparent that 1,623 
items would fall into one of the “other” categories (e.g. category #48). These categories 
group items together irrespective of whether or not they were actually identified by item 
use. This blanket approach for so many of the VPD items was deemed inappropriate – 
after all, OSPAR categorization is tailored to marine environments. Instead, ranked items 
2 through 50 in the “item use” category (as visualized in Figure 4-10) were used for the 
MST; 94.7% of non-pellet VPD. Attempting to include all of the 200+ different item uses 
would introduce potential error, and thus VPD beyond the top 50 ranked were excluded. 
Results from the MST suggest that the majority of non-pellet VPD collected in this study 
originate from either urban areas (41.8%) or shoreline recreation (39.1%). Although other 
sectors were considered for the MST, ultimately only three were considered. This is 
because indicator items suggesting influence from shipping, commercial fishing, illegal 
dumping, and other sectors were not present. This should not be interpreted to mean that 
none of the VPD collected were from those sectors, but rather that applying them to the 
MST introduced too much noise into the matrix and resulted in erroneous values. The 
results from the three source sector MST are consistent with other studies that have 
examined sourcing of VPD to broad sectors. Multiple Great Lakes beach studies have 
found that consumer goods are the dominant type of litter (Hoellein et al. 2014, Hoellein 
et al., 2015; Vincent et al., 2017). Total anthropogenic litter (AL), smoking related AL, 
and food related AL were all significantly correlated to adjacent land use for beaches 
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analyzed by Vincent et al. (2017). The authors infer that urban sources are the dominant 
input because city population, city land area, and county population density were strongly 
correlated with food-related AL and smoking-related AL found on beaches in their study. 
The authors also concluded that beach users are a major contributor to smoking-related 
AL, even though urban sources also have an influence. 
5.1.4. Effects of Beach Grooming 
Beach cleaning represents a critical component of plastic reduction in the LGLS. 
Shorelines are dynamic systems that serve as sources and sinks of VPD simultaneously. 
They are sinks for plastics that wash ashore from the lakes and windblown litter from 
land and are sources through the direct release of plastics by beachgoers and the re-
release of plastics into waterways during water level fluctuations and/or erosional 
processes (GESAMP, 2019). Organized beach cleanups, regular grooming, and 
individual actions of removal all have an impact on plastic pollution. Simultaneously, 
plastics are buried, exhumed, and fragmented/abraded by waves, winds, sunlight 
(photooxidation), fauna, and humans. Fragmentation of intact and mostly intact mega, 
macro, and mesoplastics into secondary microplastics represents an enormous, missed 
opportunity of relatively easy removal of plastics from the environment. Once in the 
microplastic (and even the mesoplastic) range, plastics are more numerous and are much 
more difficult to detect and efficiently collect due to their small sizes. 
Values of 805.5 items m-2 at H-SarBx-SL (Baxter Beach, Sarnia, Ontario) and 688.1 
items m-2 at O-BB-SL (Bronte Beach, Oakville, Ontario) are among the highest reported 
in the literature globally (Serra-Gonçalves et al., 2019). Albeit maximum masses were 
relatively low due to the absence of any megaplastics (>1 m) in the samples. A recent 
study of Atlantic and Pacific Ocean beaches in Colombia determined that beach sands 
had a much as 1,387 items m-2 in the 1 to 5 mm fraction (Garcés-Ordóñez et al., 2020), 
suggesting that studies that examine the microplastic fraction will have much higher 
counts than those that do not. 
As noted in Figure 5-5, as size fraction decreases, total VPD counts increase, whereas 
total VPD mass decreases. The average item mass is 0.017 ± 0.009 g (± SD) for the 
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microplastic fraction, 0.080 ± 0.226 g for the mesoplastic fraction, and 1.189 ± 3.113 g 
for the macroplastic fraction. Samples with a high ratio of EPS spheres to all 
microplastics in the samples had their average mass skewed low. A total of 322 EPS 
spheres from O-BB-SL in the microplastic size range were weighed, with an average 
mass of 0.0014 g per EPS sphere – much lower than the average mass of 0.013 g for all 
O-BB-SL microplastics and 0.017 g for all microplastics in the study.  
 
Figure 5-5: Frequency by size fraction for total VPD count and total VPD mass from all samples. 
The inverse relationship between size fraction and mass is evident and illustrates the 
importance of recording both item counts and item mass for VPD studies. These findings 
are also consistent with studies that have determined microplastic particle size 
distributions, which generally show a decrease in particle concentration with an increase 
in particle size (Kooi & Koelmans, 2019).  
Many of the sampling locations were public beaches on which beach visitors as well as 
organized cleanups result in large (macroplastic and megaplastic) VPD removed with 
























cleaned of large debris by individuals occasionally (e.g. Brevort, Michigan). This would 
explain why none of the 21,592 VPD items across 66 beaches were megaplastics (>1 m).  
According to beach grooming determinations made by Corcoran et al. (2020a), only 5 
beaches had been recently groomed prior to sampling, likely a function of sampling 
occurring after many beaches closed for the season (Figure 5-6). The determination of 
groomed or ungroomed beaches was made by noting the presence or absence of parallel 
lines on the beaches. A two-sided Wilcoxon-Mann-Whitney Test was performed at α = 
0.05. The null hypothesis was not rejected for either count or mass values, meaning that 
beaches listed as groomed in the Corcoran et al. (2020a) are from the same population as 
the ungroomed beaches. A limitation of these grooming classifications is that it only 
accounts for recently, formally groomed beaches. Some of the beaches could have been 
groomed during the “beach season” and many beaches are cleaned up at random by 
nearby residents and beachgoers. 
It is likely that VPD colour and shape has an influence on whether or not the debris are 
removed by beach cleanups and/or individuals using the beach. For example, artificial 
plant fragments were the 16th most abundant item. These items are very difficult to 
differentiate from organic matter, especially on a beach, and therefore it is conceivable 
that most beach cleanups would not collect these items. It is not clear if Great Lakes 
beaches represent a net source of VPD to the LGLS or whether regular grooming 
practices actually lead to a net reduction of VPD in the environment, since beach 
grooming and cleanups routinely miss smaller plastic items, especially those left by 
beach users, while beach users deposit plastics onto the beaches they visit (Loizidou et 
al., 2018). Making this determination would require a plastic debris mass balance study 




Figure 5-6: Example of a freshly groomed beach with missed debris (cigarette butts are visible in this 
image, but many microplastics also remained). Photo taken on Metro Beach, Lake St. Clair in 
August 2019. 
5.1.5. Novel Polymer Identification Method 
This study represents the first of its kind to use multiple visual identification methods in 
conjunction with informative FTIR to identify polymers and expands on existing methods 
from Blettler et al. (2017). Only 14.9% of 174 publications on marine debris identified by 
Serra-Gonçalves et al. (2019) determined polymers. This is probably because unlike 
microplastics that are more easily characterized by colour, shape, morphology, and size, 
VPD items can be categorized a number of different ways (e.g. by identifiable item). 
Although an argument can be made that visual identification is less reliable than 
spectroscopic analysis (e.g. FTIR, Raman spectroscopy, py-GC-MS), this argument has 
more merit in MP studies than it does in a VPD study. Microplastics, by nature of their 
79 
 
small size, are often impossible for polymer identification without spectroscopic analysis. 
In contrast, VPD have the advantage of being large enough to see in three dimensions, 
may be recognized by item use, may have RICs or stamped/injection moulded polymer 
types, and can be physically handled. Moreover, multilayered packages, such as 
food/drink wrappers, are composed of up to 12 layers of varying polymers and metals 
(Daley, 2020). These item would pose a challenge for spectrographic analysis if layers 
were not first chemically separated. Visual identification methods employed in this study 
can also be utilized in low- and middle-income countries, where access to analytical 
equipment might be more limited.  
As previously mentioned, polymer determination was attempted for every VPD item in 
this study. Therefore, items that were more easily identifiable by polymer are 
overrepresented, whereas those that were more difficult to identify are underrepresented. 
For instance, white foam spheres were confidently identified as EPS, whereas most of the 
plastic fragments were not identified by polymer. Furthermore, lower density (and 
therefore positively buoyant) materials such as foamed polymers are also overrepresented 
in this study, as they preferentially float on the water surface and are cast onto shorelines. 
This over/under-representation is apparent when comparing identified polymer results in 
Figure 4-9 to Canadian plastic market statistics. In 2017, domestic resin production was 
as follows: 3,700 kt of PE, 210kt of PVC, 204kt of urea resins, 150 kt of phenolic resins, 
144kt of PET, 123 kt of PU, 95 kt of nylon, 80 kt of PS, 55kt of unsaturated polyesters, 
and 53 kt of EVA (ECCC, 2019). Reflecting the resin industry, Corcoran et al. (2020a) 
found that 85.8% of the 508 pre-production pellets analyzed by FTIR were PE, 8.5% 
were PP, 1.6% were TPO, and 1.0% EVA, with other polymers comprising the remaining 
<2.2%. Although VPD polymers in this study were quantified by count and not mass, the 
dominance of PE in the market suggests that many of the unidentified fragments in this 
study were composed of PE. 
5.1.6. Parent Company and Implications for Accountability 
The vast majority of VPD items were not tied to companies because of the fragmented 
and weathered nature of most of the debris. Additionally, certain brands are 
overrepresented because they were readily identifiable. Remington Peters shotgun wads, 
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marked with “REM PET PATENTED”, were easily identified, whereas none of the other 
shotgun wads were identified by brand. As a result, only 2 of 64 shotgun wads/gas seals 
from the Great Lakes were tied back to manufacturers. Some branded VPD are 
manufactured and sold in both countries by different companies, making company 
attribution very challenging. Items were therefore assigned to the respective company 
from the country of the beach on which they were sampled. For instance, Marlboro CBs 
collected from Canadian locations were attributed to Philip Morris International Inc., 
whereas Marlboro CBs from US beaches were attributed to Altria Group, Inc. Although 
VPD items were visually identified by brand (Figure 5-7), brand names/product 
names/text were recorded but parent companies were not determined (see Appendix B for 
full list). 
 
Figure 5-7: Examples of ways in which items were tied to parent companies: a) Putters cigarette with 
partial logo, b) Clorox container fragment, c) Du Maurier cigarette with characteristic hollow tip, d) 
bottle cap with “Purchase, NY”, headquarters of PepsiCo, Inc. 
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All parent companies listed in this study have been determined to the best of my 
knowledge. As of the time of writing, there are no legal precedents for determining 
corporate responsibility or regulatory enforcement for often diffuse, consumer littered 
items, especially when multiple brands are involved. 
There are a number of companies that were in the top 12 most identified by item count in 
this study and also in the top 12 in 2018 and 2019 BFFP brand audits for the US and 
Canada (Table 5-1). Philp Morris, PepsiCo, Inc., The Coca-Cola Company, Kraft Heinz 
Company, and Mars, Incorporated were in the top 12 in this study and at least one of the 
BFFP studies in the US or Canada. Throughout the three BFFP subgrouping lists in Table 
5-1, there is only one cigarette company (Philip Morris) and no closure (e.g. cap, lid) 
brands. At first this might seem surprising, given that cigarette butts and bottle caps were 
the 1st and 4th most commonly collected litter types in the 2019 Great Canadian Shoreline 
Cleanup (GCSC, 2019). In fact, cigarette butts are considered the most littered item on 
Earth, with a significant portion of the ~6.25 trillion cigarettes consumed in 2012 ending 
up in the environment (WHO, 2017). However, cigarette butts are often weathered 
enough that no paper remains, making company attribution all but impossible. Bottle caps 
and other closures are usually marked with the manufacturer/brand name/symbol (e.g. 
“CSI”, cr-cap”) on the cap liner in a non-descript way that would not be noticed by the 
average beach cleanup volunteer conducting a brand audit. Non-governmental 
organizations (NGOs) that conduct global brand audits, such as BFFP, should consider 
including methods for identification of these environmentally ubiquitous items. This 
could include a photo guide using images like those in Figure 5-7 and include company 
symbols – something especially useful for items only marked by company symbols.  
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Table 5-1: Most frequently identified parent companies from this study and BFFP (2018) and BFFP 
(2019) US and Canada results. 
This Study BFFP 2019 (US) BFFP 2018 (US) BFFP 2018 (Canada) 
1 
CORVAGLIA MOULD 
AG (cr-cap brand) 
1 PepsiCo 1 Nestlé 1 Nestlé 
2 









Altria Group, Inc.  








3 PepsiCo, Inc. 













5 Costco 5 
The Hershey 
Company 







7 BERICAP Holding GmbH 6 
Mars, 
Incorporated 




8 Nestlé 8 Solo Cup Co. 8 
Mondelz 
International 
9 Kraft Heinz Company 9 
Kraft Heinz 
Company 
9 McDonalds 9 General Mills 
9 Mars, Incorporated 10 Starbucks 10 Starbucks 10 Costco 
11 Grand River Enterprises 11 
Swisher 
International Inc 




Philip Morris International 
Inc. 






Governments should consider instituting funding structures for environmental 
investigations, natural resources damage assessments, and cleanups in line with the 
“Polluter Pays Principal” that the governments of the US and Canada, advocate. These 
funding structures could include a tax on virgin plastic, money recuperated through 
enforcement actions, or regular grants, but will require a robust legislative framework and 
regulatory drivers. The Government of Canada has already proposed a legislative 
framework for classifying plastics as toxic wastes under the CEPA, banning certain 
SUPs, giving incentives to encourage reusable products/systems, and providing material 
specifications (such as requiring packaging to be recyclable, and EPR/collection/ 
recycling requirements (ECCC,2019b). Site investigations could be structured in line 
with internationally recognized guidelines used on contaminated sites through US and 
Canadian site remediation programs (e.g. Comprehensive Environmental Response, 
Compensation, and Liability Act (CERCLA), Resource Conservation and Recovery Act 
(RCRA) Corrective Action, and Federal Contaminated Sites Action Plan (FCSAP)). 
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5.1.7. Implications of VPD Items Identified 
An extensive effort was not made to determine if every identifiable item of VPD from 
this study has been previously described in the grey and peer-reviewed literature. 
However, a variety of VPD identified by item use did not fit into typical OSPAR 
categories, and instead were placed in the categories of “other”. In total, 108 item uses 
were identified that fell into one of the OSPAR “other” categories. Although some of 
these items were fairly obscure, such as shingle film and plastic wall anchors, others were 
frequently detected, such as artificial plants and end caps. The NOAA Marine Debris 
categorization system is even less useful than the OSPAR system, as many of the 
categories are overly broad and even more items are placed in the “other” categories. 
Therefore, a debris categorization system specific to the LGLS is necessary, as many 
items are not captured by existing classification systems. 
Plastic flash/burrs (FB) were the 4th most frequently identified item (n = 643) in this 
study. Despite their ubiquity, there is very little in the literature about the presence of 
these items in the environment. It seems that either FB were overly represented on the 
beaches sampled, or as is more likely, other studies have grouped these items with 
unidentified fragments. To determine if the FB, as a whole, were connected with the 
plastics industry, an xy scatterplot was made with FB and pellets normalized to percent of 
the 1 to 25 mm (micro and meso) fraction for each location (Figure 5-8). There was a 
very weak inverse relationship between the two. Although other functions were tried, a 
linear trendline was the best fit. The weak relationship between FB and pellets might be 
because pellets can enter the environment in many steps of the supply chain, their 




Figure 5-8: Scatter plot with linear regression of percent pellets and FB in 1-25 mm VPD samples. 
Samples with no pellets or FB were excluded. 
However, 555 of the 643 FB (86.3%) were from Bronte Beach, Lake Ontario. Although 
some of the FB were diverse, suggesting multiple places of origin (Figure 5-9a), some of 
the FB have visual similarities that could suggest a common origin. Figure 5-9b and 
Figure 5-9c show blue to blue-green FB with many similar characteristics, including a 
number of disc- and crescent-shaped FB (Figure 5-9b). There were 161 green, 128 blue, 
71 green-blue, 19 light blue, 2 purple, and 2 grey FB (a total of 383 FB), although only a 
portion are pictured in Figure 5-9. The FB can originate from both plastics machining 
operations as well as any sector that uses plastic items, including households. For 
example, a homeowner could generate FB by cutting a piece of vinyl siding to size 
whereas a municipality could generate FB by cutting an opening in an HDPE stormwater 
pipe when replacing storm sewer lines. As a result, it is possible that some of the 
examples of FB in Figure 5-9 are linked to plastic industries.  






























Figure 5-9: Examples of microplastic range FB collected from Bronte Beach, Lake Ontario: a) 




The European Union, which passed legislation banning certain SUPs in March 2019, 
based their regulations partially on beach plastics data, as these plastics are a good proxy 
for plastics in the environment (Halleux, 2019). The Government of Canada (GC) is also 
considering data with regard to plastics in the environment in drafting their legislation 
regulating SUPs (ECCC, 2020). A handful of the most frequently identified items in this 
study are not being considered for regulation by the GC (Figure 4-10, Table 4-3). The 
most glaring omission from regulation is plastic pellets, which make up an astounding 
58.3% of all VPD collected between this study and Corcoran et al. (2020a).  
Currently, plastic emissions from the plastics industry are not comprehensively regulated 
in either the US or Canada, and Operation Clean Sweep, a voluntary industry program, 
has faced criticism for being insufficient. Additional measures are needed to control these 
releases into the environment. Other VPD frequently found that are not being considered 
for a ban include items with widely used alternatives including: i) cigar/cigarillo tips 
(wood instead of LDPE) ii), packing peanuts (thermoplastic starch instead of XPS), and 
iii) lollipop and cotton bud sticks (wound paper instead of plastic). 
5.1.8. The Need for Solutions 
An estimated 40% reduction in plastic loading to the environment from 2016 levels is 
expected in 2040 if all feasible solutions to reduce plastic pollution are implemented 
(78% from business as usual levels in 2040). Despite these reductions, 710 Mt of plastics 
will enter the environment by 2040 (Lau et al., 2020). Although emerging technologies 
could improve this outcome (Schmaltz et al., 2020), it is clear that more is needed. A 
proactive approach to both stem the tide of plastics entering the environment and to 
remove plastics from all feasible environmental matrices must be implemented.  
All solutions addressing plastic pollution must be implemented holistically, not only 
engaging all stakeholders, but also with an understanding of lifecycle environmental and 
socio-economic impacts. Tangible examples of “solution” implementation with 
unintended consequences were the various plastic straw bans enacted worldwide after an 
emotional response to photos and videos of turtles with straws stuck in their noses. To be 
fair, plastic straws were the 8th most abundant item in this study and straws/stirrers were 
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the 5th most abundant item on the B.A.N. List 2.0 – a combined dataset consisting of 
millions of items from 6 different US beach cleanup programs (5 Gyres et al., 2017). 
However, despite the environmental ubiquity of straws, none of these bans considered the 
essential role that plastic straws serve for some people with disabilities 
(https://www.abc.net.au/news/2019-07-10/plastic-straw-ban-condemned-by-disability-
advocates/11287500). 
An oft encountered paradox is that of increasing resource reuse/recycling at the expense 
of increasing the dispersion and loading of certain chemicals of concern (COCs). 
Examples of this trade-off include the use of biosolids to supplement traditional fertilizers 
(increasing COCs and microplastics in agricultural soils), PU foams reused for carpet 
backing (resulting in PBDEs in indoor air/dust), and crumb rubber from shredded tires 
used in artificial turf fields (increasing VOC emissions and rubber microparticles entering 
waterways). More thought needs to be given to the contradictions between conserving 
resources and increasing the amount of certain environmental contaminants. Examples 
that have not been explored enough include the affects of reuse of street sweepings/catch 
basin cleanings/stormwater system cleanings (e.g. reuse as right-of-way fill material) 
(note fragment from amber automotive light cover in O-CSSP-SL). Because a significant 
portion of highway litter is car parts (Burns & McDonnell, 2020), certain instances of 
stormwater system residuals reuse will increase plastic loading into the environment 
instead of acting as a final sink for these debris upon proper disposal. 
Additionally, certain VPD identified actually help to conserve resources. For example, 
duct tape, electrical tape, and zip ties are often utilized to fix, patch, or mend damaged 
items, thereby extending the useful life of the items. Regulation of these polymeric 
materials should be done with caution as the materials can serve an essential role in 
conserving resources and reducing waste (although zip ties are also used in packaging). 
Plastic manufacturers and companies that use final plastic products have a unique 
opportunity to change the way their products are designed. The 32nd ranked VPD by item 
use in this study was pull tabs/tear tabs. It is unclear whether these items enter the 
environment because consumers do not see the relatively small piece of plastic as litter or 
because the tabs are small enough to lose track of (much in the way clothing tag fasteners 
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or straw wrappers are easily lost). However, companies should look to design products 
that do not incorporate pull tabs/tear tabs that are fully removable. 
The plastics industry as a whole, is at a crossroads. They can either work to enact change 
to truly incorporate plastics into a circular economy, or they can work to undermine 
government efforts, much the way the US Chamber of Commerce tried to do with the 
Government of Canada regarding the upcoming federal plastic regulations (US Chamber 
of Commerce, 2020; ECCC, 2020). Governments are also at a crossroads. In North 
America, SUPs have been addressed through a patchwork of levies, taxes, and bans 
(Schnurr et al., 2018). Governments, however, can take an active approach the way the 
Government of Canada is doing in tandem with the Canadian Council of Ministers of the 
Environment (CCME) through their Canada-Wide Action Plan on Zero Plastic Waste 
(CCME, 2019; CCME 2020). On the other hand, the US is taking the opposite approach – 
it did not adopt the Basel Convention Plastics Pledge, has not announced any plans for 
SUP regulation, and has been pressuring low- and middle-income countries that seek to 
regulate SUPs (e.g. https://www.theguardian.com/world/2020/sep/01/kenya-plastic-oil-
industry-lobbies-us). 
Citizen science initiatives and/or volunteer cleanups have been used with success to 
advance the state of knowledge and will be essential in the coming years as the world 
takes on the challenge of plastic pollution. Table 4.2 in GESAMP (2019) and Table 1 in 
Belontz et al. (2019) provide lists of such programs. Additional initiatives include Open 
Litter Map and The Cotton Bud Project. If detailed analysis of a subset of GCSC/AAB 
samples occurs, it might give better insights into the abundance of identifiable plastics 
often missed in typical cleanups. 
Addressing the global crisis that is plastic pollution, thereby moving towards a more 
circular economy, will require humanity to drastically rethink the way we go about doing 
business, move away from mindless consumerism, and collaborate with all stakeholders 
(industry, government, academia, aboriginal groups, NGOs, and many other relevant 
institutions). Although plastic pollution is one of a handful of global environmental crises 
(e.g. climate change, coastal wetland loss, mass extinctions), it is also one that has 
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grabbed public attention and has been the subject of rapidly increased focus in the 
scientific community. Although at the moment plastic pollution might seem like an 
insurmountable challenge, human ingenuity and altruism should help our global society 
advance towards a more sustainable future. 
5.2. Conclusions and Recommendations 
Spatially, this study and Corcoran et al. (2020a) are the two largest investigations of VPD 
in lacustrine systems on Earth, excluding beach cleanup campaigns published in the grey 
literature. This study provides an important snapshot of plastics on shorelines of the 
LGLS and should ultimately help inform future studies. It uses a uniform methodology, 
applies existing methods for source attribution and item identification (e.g. MST), and 
employs some novel methods (e.g. country of origin determination through multiple lines 
of evidence). The following conclusions are revealed by this study: 
• This study is the first attempt globally to apply a Matrix Scoring Technique 
(MST) to a lacustrine system. As per the MST outputs, most VPD collected from 
this study, excluding pellets, originated from urban sources and shoreline 
recreation. This finding is consistent with other studies in the Great Lakes. 
• Two locations – H-SarBx-SL and O-BB-SL have VPD concentrations that are 
among the highest reported in the literature globally – of 805.5 items m-2and 
688.1 items m-2, respectively. 
• Despite total VPD counts increasing as size fraction decreases, total VPD mass 
decreases with a decrease in size fraction. This inverse relationship shows the 
importance of recording both item count and item mass for VPD studies. 
• Efforts by NGOs to quantify beach litter appear to undercount microplastic range 
VPD (1 to 5 mm). Additionally, brand audits done by volunteers often miss items 
such as cigarette butts and bottle caps, identifying a need for additional guidance. 
• Country of origin methods developed in this study could be adapted for future 
studies on marine shorelines or on shorelines of other great lakes that are shared 




• The Great Lakes states and provinces should consider creating an anthropogenic 
debris characterization system and photo guide, similar to that of OSPAR 
Commission, 2010. Many of the items on the OSPAR Commission list do not 
apply to the LGLS. 
• Additional studies can be conducted using the VPD dataset (Appendix B). 
Although this study mainly focused on the regulatory and social aspects of VPD, 
additional studies could use the database to run analyses that are more geology 
based or that directly compare human population to VPD concentrations. Another 
important development could be the establishment of an open-source polymers 
database by item use/type, which could be expanded from this study and applied 
to the US and Canada. 
• Future studies of VPD on shorelines should directly quantify VPD on land and in 
transport pathways (including stormwater ponds, discharges from stormwater 




Chapter 6  
6 Plastic Pollution in Lake St. Clair and the St. Clair River: 
A Preliminary Assessment 
6.1. Introduction 
Previous studies have characterized plastic debris and microplastics (MPs) in the Great 
Lakes, but none have focused on the benthic sediment of Lake St. Clair (LSC), with the 
exception of two samples from a master’s thesis focused on Lake Erie (Dean, 2016). 
Lake St. Clair, which connects Lake Huron to Lake Erie, has a watershed with a variety 
of land use, such as urban, agricultural, and industrial – including plastics manufacturing. 
It is hypothesized that sediment samples collected near the mouths of urban rivers, near 
municipal sewage discharges, and near industrial outfalls will contain higher 
concentrations of MPs relative to samples collected distal to potential sources. Although 
the impacts of microplastics on the environment and human health are still not well 
understood, plastics in the environment are a clear sign that we are living in the 
Anthropocene (the human geologic age) (Corcoran et al., 2014; Corcoran et al., 2017). 
Plastics in sediment have the potential to impact fauna and have been observed moving 
up the food web, resulting in unknown consequences for humans (D’Souza et al., 2020). 
This research will better quantify background versus urban/industrial concentrations of 
MPs in freshwater sediment in addition to possible MP sources, which could then help 
inform government policy and regulatory decisions. Although the links to human health 
are less clear, MPs in sediment have the potential to negatively impact freshwater fauna 
through both chemical and physical means (Bucci et al., 2020). 
6.2. Regional Setting 
The LSC watershed is heavily impacted by human activity. It contains the St. Clair River 
and Clinton River Areas of Concern (AOCs) (ECCC, 2014) (Figure 6-1), Sarnia-
Lambton’s “chemical valley” and associated plastics industries, and both industrial and 
municipal discharges into the watershed. Areas of Concern (AOCs) are portions of the 
LGLS that were determined by the US and Canadian governments to have beneficial uses 
92 
 
impaired for a variety of reasons. A variety of stakeholders at the federal, state/provincial, 
tribal, corporate, and non-profit levels are working to restore these impairments with the 
ultimate goal being to delist all AOCs. However, there are still sections of Lake St. Clair 
and the St. Clair River with contaminant concentrations above USEPA Probable Effect 
Concentration (PEC) and Ontario Ministry of the Environment Severe Effect Level 
(SEL) sediment quality guidelines (Rachol & Button, 2006). The extent of MP pollution 
in LSC and the SCR benthic sediment remains unquantified, despite other Great Lakes 
System waterbodies receiving considerable attention related to plastic pollution (see 
reviews of plastics in the LGLS by Driedger et al., 2015 and Helm, 2020).  
 
Figure 6-1: Areas of Concern (AOC) proximal to Lake St. Clair. The St. Clair River connects Lake 
Huron with Lake St. Clair. The Clinton River is in the Lake St. Clair watershed. Sources for AOC 
shapefiles: USEPA, 2006a; 2006b; 2006c; 2006d. 
Lake St. Clair is the smallest lake in the LGLS with a surface area of 1,115 km2, volume 
of 3.4 km3, watershed area of 13,500 km2, and a mean depth of 3.7 m (Great Lakes 
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Commission, 2000; LSCCWCC, 2008; Gibb, 2012). The lake is part of the SCR – Detroit 
River System, which functions as a flow-through system. Lake St. Clair has a short 
hydraulic residence time of 7 to 10 days (Gibb, 2012) compared to a range of residence 
times of 2.6 years to 191 years for the five Great Lakes (USEPA, 2019a). The navigation 
channel is the deepest part of the lake, with a maximum depth of 8.3 m, because it is 
regularly dredged by the US Army Corps of Engineers (USACE); most recently in 
summer 2019 (USACE, 2018). The maximum natural depth is 6.4 m (LSCCWCC, 2008). 
The SCR flows from Lake Huron into LSC, forming the largest freshwater delta on Earth 
(Figure 6-2). The Canadian portion of the LSC watershed is mostly agricultural, whereas 
the American side includes the highly urbanized Detroit metro area (SCRCA, n.d.). 
 




6.1.1 Previous Plastics Studies of the LSC Basin 
The first study of plastic pollution in the LSC basin was from Zbyszewski et al. (2014). 
The authors collected plastic debris from 9 beaches along Lake St. Clair. The samples 
were largely composed of fragments. The authors hypothesized that the low density of 
debris on Lake St. Clair beaches compared to Lake Erie and Lake Huron beaches was a 
function of the hardened shorelines of Lake St. Clair (e.g. riprap, bulkheads), which 
prevented debris from accumulating in the lake. As a part of a Master’s thesis, Dean 
(2016) analyzed two bottom sediment samples for MPs, finding 30 and 290 particles kg-1 
dw sediment. These samples are within the range of 34 bottom sediment samples from 
the Thames River, a tributary of Lake St. Clair on the Ontario side. These samples 
contained 6 to 2,440 particles kg-1 dw sediment (Corcoran et al., 2020b). Unlike Dean 
(2016), Corcoran et al. (2020b) corrected their samples for non-plastics after FTIR 
confirmed that some particles were cellulose. Baldwin et al. (2016) sampled surface 
water from the 29 Great Lakes tributaries in the US, including the Clinton River, a 
tributary of Lake St. Clair in Michigan. The Clinton River is an AOC and drains a portion 
of the Detroit metro area. Surface water samples were collected with neuston nets and 
contained 0.05 to 32 particles m-3. Two surface water trawl studies have been carried out 
in the St. Clair system (Cable et al., 2017; Mason et al., 2020). 
6.3. Objectives 
This study is intended to provide a snapshot of plastics in sediment of LSC and the SCR 
to inform future studies on the waterways. The major objectives are as follows: 
1. Determine the abundance of VPD from beaches in LSC and the SCR. Compare 
VPD count densities from this study to a previous VPD study on Lake St. Clair in 
order to gather more data at previously sampled locations.  
2. Determine sinks of MPs in LSC and SCR nearshore benthic sediment and beach 
sand. In doing so, values can be compared to other Great Lakes MP studies and 
also between sampling locations to determine trends in deposition and spatial 
distribution of MPs in the nearshore and on beaches. 
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3. Determine MP concentrations and morphologies in tributary benthic sediment to 
compare statistically with nearshore sediment and beach sand concentrations at a 
population level. A sample with elevated concentrations could indicate that the 
tributary is a significant source of MPs to LSC and could call for further sampling 
and even up-stream tracing. 
4. Compare the distribution and abundance of MPs in sediment to the proximity of 
agriculture, municipal waste outputs, and industry within the surrounding 
watershed using ArcGIS spatial analysis tools.  
5. Identify the chemical compositions of MPs collected using FTIR to aid in source 
determination. 
6.4. Methodology 
6.4.1. Field Sampling 
Visible polymeric debris (VPD) were collected from the shoreline of LSC and the banks 
of the SCR in August 2019. Two locations in Mitchell’s Bay (LSC) were resampled in 
December 2019 and March 2020 to determine variability. Sampling methods from 
Zbyszewski & Corcoran (2011) and Zbyszewski et al. (2014) were utilized in order to 
facilitate direct comparison to results from four beaches sampled in Zbyszewski et al. 
(2014) and reoccupied for this study. These methods are described in detail in Section 
6.4.1.2. 
For MPs, a total of 26 beach sediment samples (including 3 duplicates) and 40 surface 
(benthic) sediment samples (all duplicates) were collected from LSC and the SCR. 
Thirteen archived bottom sediment samples from the SCR were acquired from D. 
Burniston in April 2019. Beach sand samples were collected in August 2019, 
concurrently with the VPD samples. Nearshore benthic (bottom) sediment and tributary 
benthic sediment samples were collected in September 2019. Mitchell’s Bay locations 
were resampled for all matrices in December 2019 and March 2020 for a qualitative 




6.4.1.1. ECCC Bottom Sediment 
Fourteen SCR benthic sediment samples were collected in 2008 by ECCC using a 40 cm 
x 40 cm mini box core or a Wildco Petite Ponar (Burniston & Williams, 2008) (Figure 
6-3). The top 3 cm of the sediment (0-3 cm interval) was skimmed with a stainless steel 
spoon, passed through a 250 um mesh screen, and homogenized in a glass bowl for 2 
minutes. The homogenized sample was placed into 4 containers – 3 of which were sent to 
a lab for metals, total organic carbon (TOC), total inorganic carbon (TIC), grain size, and 
organic contaminants (Burniston & Williams, 2008). The fourth container (a 250 mL 
amber glass jar) was archived and a sub-sample of approximately 60 mL was sent by T. 
Mamone to P. Corcoran in April 2019. Field blanks were not collected during the 2008 
sampling campaign. All ECCC samples were processed in their entirety, starting with 
drying (see Section 6.4.2.2). One sample (SC44) was compromised during processing 
and currently, 13 samples are in various stages of processing or analysis. 
 
Figure 6-3: Locations of bottom sediment samples from the SCR, collected from September 30 to 
October 9, 2008 by ECCC (Burniston & Williams, 2008) 
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6.4.1.2. Visible Polymeric Debris 
Thirteen VPD St. Clair samples were collected from nine beaches in 2019 to 2020 
(Figure 6-4). Five of these beaches were in Lake St. Clair, four of which (all but MB-TL) 
were reoccupied from Zbyszewski et al. (2014). Four beaches were along the St. Clair 
River and were not sampled in Zbyszewski et al. (2014). Initial sampling of all nine 
beaches occurred in late August 2019, with additional samples to measure seasonal 
variation at Mitchell’s Bay in December 2019 and March 2020. An attempt was made to 
provide good spatial coverage of the St. Clair system. However, sample locations were 
limited by numerous factors: i) much of the St. Clair system consists of hard shorelines 
(e.g. seawalls, bulkheads, riprap), ii) a very small percentage of shorelines are beaches, 
iii) record water levels resulted in inaccessible beaches (Figure 6-5) (USACE, 2020), and 
iv) much of the shoreline is not accessible for a variety of reasons – private properties, 
roads without pull-off areas or no stop zones, and First Nations lands (e.g. Walpole Island 
First Nation). 
For beaches with shorelines >30 m, a transect line method was employed. Each sampling 
transect extended from the WL to the VL (where the vegetation started) (Figure 6-6a). 
First, a tape measure was strung for 60 m along a transect line (TL), parallel to the 
waterline (WL) (Figure 6-6b). VPBs were collected in 1 m wide sampling transects, 
perpendicular to the TL and spaced 10 m apart. One person started at each end of the 
sampling transect and headed to the other end. This allowed for each sampler to double 
check the other’s work. Plastics identified on the beach surface were collected by hand 
and placed in labeled paper bags. Organic matter on the surface was picked apart to 
locate and collect intermixed plastics. Beaches with a transect <30 m length were 
sampled using the perimeter of exposure method (Figure 6-7). The entirety of the 




Figure 6-4: Beach VPD samples, collected concurrently with beach sand MP samples. 
 
Figure 6-5: Record high water levels in August 2019 overtopping sheet pile bulkheads in Mitchell's 




Figure 6-6: St. Clair System transect line method: a) VPBs were collected in 1 m wide sampling 
transects, spaced 10 m apart, extending from the waterline to the vegetation line, b) A tape measure 





Figure 6-7: St. Clair System perimeter of exposure method. The entire exposed beach surface was 
sampled. Looking ENE, sample SC-BRW-PE. 
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6.4.1.3. Beach Sand 
Sampling of shorelines was complicated by a combination of record high water levels 
(USACE, 2020), private property, no stop zones, and hardened shoreline features such as 
bulkheads and riprap. As a result, all samples were collected from public beaches or 
parks. Nonetheless, 19 beach sand samples were collected concurrently at 9 locations 
with VPD samples in August 2019 (Figure 6-4). Four locations were on the SCR 
(upstream to downstream) – Bluewater Riverwalk, Chrysler Beach, Sombra Beach, and 
Marine City. Five locations were on LSC (clockwise from the SCR Delta) – Mitchell's 
Bay Trees, Mitchell's Bay Playground, Puce Road Beach, Metro Beach, and Burke Park 
Beach. An additional 7 beach sand samples were collected in December 2019 and March 
2020 in Mitchell’s Bay as a part of seasonality determination. 
Ballent (2016) determined that there was not a statistically significant variation of MPs 
with depth in beach sediment. Therefore, only one interval was collected for each beach 
sand sample. Beach sands were collected from both the strandline (the area of high water 
where organic matter and plastics preferentially accumulate) and vegetation line of each 
beach. A precleaned 3.7 cm inner diameter brass corer was hand driven to 7.7 cm depth, 
for a volume of approximately 111 cm3. The corer was then dug out using a stainless 
steel spoon and lifted with the back end of the spoon covering the bottom opening to 
ensure 100% recovery. Any attempt that resulted in under 100% recovery was 
reattempted until full recovery was achieved. Field blanks consisting of precleaned 
sample jars lined with aluminum foil and half-full with reverse osmosis (RO) water were 
utilized. 
6.4.1.4. Nearshore and Tributary Bottom Sediment 
All tributary and nearshore sediment were collected in September 2019, with the 
exception of Mitchell’s Bay samples collected in December 2019 and March 2020 
(Figure 6-8). All samples were collected using a Wildco 316 stainless steel Petite Ponar 
(Wildco, Yulee, FL, USA) attached to a zinc plated steel chain. Samples were collected 
from bridges, docks/piers, or by wading – all within 70 m of the shore for nearshore 
samples. Each sample was collected in duplicate through subsampling of two successful 
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grab attempts. Each successful grab was opened onto a steel tray and the top layer was 
skimmed at random using a stainless steel spoon/trowel and placed in a precleaned 250 
mL or 500 mL glass jar. Petite Ponar, tray, and spoon/trowel were decontaminated 
between samples by a wash in the waterbody followed by brushing and RO water rinse. 
Duplicate samples were brought back to the laboratory where a determination was made 
as to which duplicates were processed and which were frozen for archive.
 
Figure 6-8: Locations of nearshore and tributary bottom sediment samples collected in 2019 and 
2020. 
6.4.2. Sample Processing 
The samples were at various stages of processing when the lab was shut down due to 
COVID-19 restrictions. Table 6-1 and Table 6-2 display the processing steps that each 
MP sample has undergone to date. Note that VPD sample processing is not detailed here, 
because sample processing methods employed for St. Clair system samples are identical 
to those employed for the 66 Great Lakes samples. For a detailed description of this 
methodology, see the following sections in Chapter 3: 3.2 (Sample Processing), 3.4 
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(Visual Identification and Characterization), 3.5 (Informative FTIR), 3.6 (Country of 
Origin), and 3.7 (Parent Company). 
Table 6-1: ECCC bottom sediment MP sample processing steps to date. Key also applies to Table 6-2. 
 
 
All samples were stored in a refrigerator until processed in Corcoran’s Microplastic & 
Sediment Separation Laboratory and were visually identified through optical microscopy 
in Corcoran’s Sedimentary Petrology & Precambrian Geology Imaging Facility, except 
where otherwise noted. Both laboratories are located in the Biological and Geological 
Sciences Building (BGS), University of Western Ontario. Spectroscopy by FTIR was 
performed at Surface Science Western (SSW). The terms lab and laboratory are also used 




















































































































1 SC24 Below Suncor Sewer (ON) ECCC Bottom Sediment Y - Y Y Y Y Y D D Y Y Y Y N Y Y Y Y N
2 SC42 Mooretown (ON) ECCC Bottom Sediment Y - Y Y D D D D D N N N N N Y Y IP N N
3 SC16 (Not Sieved) Below Pt. Huron Terminal Co. (MI) ECCC Bottom Sediment Y - Y - - - - - - Y Y Y Y N - - - - -
4 SC10 Off Sarnia City Hall (ON) ECCC Bottom Sediment Y - Y Y D D D D D N N N N N Y Y IP N N
5 SC61 Above Fawn Island (ON) ECCC Bottom Sediment Y - Y Y Y Y Y D D Y Y Y Y N Y Y IP N N
6 SC58 Stokes Point Wharf Light (ON) ECCC Bottom Sediment Y - Y Y D D D D D N N N N N Y Y IP N N
7 SC18 Esso Petroleum and Esso Chemical (ON) ECCC Bottom Sediment Y - Y Y Y Y Y D D Y Y Y Y N Y Y Y Y N
8 SC77 South Channel (ON) ECCC Bottom Sediment Y - Y Y D D D D D N N N N N Y Y IP N N
9 SC78 St. Clair River Delta - W. Channel ECCC Bottom Sediment Y - Y Y D D D D D N N N N N Y Y IP N N
10 SC26 Above TR3 Vert. Lights FR (ON) ECCC Bottom Sediment Y - Y Y Y Y Y D D Y Y Y Y N Y Y Y Y N
11 SC11 GTW R.R. Dock (MI) ECCC Bottom Sediment Y - Y Y Y Y Y D D Y Y Y Y N Y Y Y Y N
12 SC40 (AB + C) Novacor (Mooretown) (ON) ECCC Bottom Sediment Y - Y Y - - - - - Y Y Y Y N Y Y IP N N
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N/A EC-LabBlank ECCC St. Clair River Samples Lab Blank Lab Blank Y - - - Y - - - - - - - - - Y IP - N
1 SW-LB-1 SW/FB Lab Blank 1 Lab Blank Y - - - Y - - - - - - - - - Y IP - N
2 SW-LB-2 SW/FB Lab Blank 2 Lab Blank Y - - - Y - - - - - - - - - Y IP - N
3 SW-LB-3 SW/FB Lab Blank 3 Lab Blank Y - - - Y - - - - - - - - - Y IP - N
4 MB-W-LB Mitchell's Bay 12/19 SW/FB Lab Blank Lab Blank Y - - - Y - - - - - - - - - Y IP - N
5 MB-SP-LB Mitchell's Bay 3/20 SW/FB Lab Blank Lab Blank Y - - - N - - - - - - - - - N N - N
6 LSC-MB-710-FB Mitchell's Bay Ice Field Blank Y - - - Y - - - - - - - - - Y IP - N
7 BP-FB Burke Park Field Blank Y - - - Y - - - - - - - - - Y Y - N
8 PRB-FB Puce Road Beach Field Blank Y - - - Y - - - - - - - - - Y Y - N
9 PRN-FB Puce Road Nearshore Field Blank Y - - - Y - - - - - - - - - Y Y - N
10 MRN-FB Milk River Nearshore Field Blank Y - - - Y - - - - - - - - - Y Y - N
11 CRTB-FB Chapaton RTB Field Blank Y - - - Y - - - - - - - - - Y Y - N
12 SAR-FB Salt River Field Blank Y - - - Y - - - - - - - - - Y Y - N
13 MB-W-FB1 Mitchell's Bay Nearshore Field Blank Y - - - Y - - - - - - - - - Y IP - N
14 MB-SP-FB1 Mitchell's Bay Nearshore Field Blank Y - - - N - - - - - - - - - N N - N
15 SSB-SL Sombra Small Beach Beach Sediment Y - - - Y N N N N N N N N N - - - -
16 SSB-VL Sombra Small Beach Beach Sediment Y - - - Y N N N N N N N N N - - - -
17 BRW-SL Bluewater Riverwalk Beach Sediment Y - - - Y N N N N N N N N N - - - -
18 CB-SL Chrysler Beach Beach Sediment Y - - - Y N N N N N N N N N - - - -
19 CB-VL Chrysler Beach Beach Sediment Y - - - Y N N N N N N N N N - - - -
20 BP-SL Burke Park Beach Sediment Y - - - Y N N N N N N N N N - - - -
21 BP-SL-DUP Burke Park Beach Sediment Y - - - Y N N N N N N N N N - - - -
22 BP-VL Burke Park Beach Sediment Y - - - Y N N N N N N N N N - - - -
23 MC-SL Marine City Beach Sediment Y - - - Y N N N N N N N N N - - - -
24 MC-VL Marine City Beach Sediment Y - - - Y N N N N N N N N N - - - -
25 MB-SL Metro Beach Beach Sediment Y - - - Y N N N N N N N N N - - - -
26 MB-VL Metro Beach Beach Sediment Y - - - Y N N N N N N N N N - - - -
27 PRB-SL Puce Road Beach Beach Sediment Y - - - Y N N N N N N N N N - - - -
28 PRB-SL-DUP Puce Road Beach Beach Sediment Y - - - Y N N N N N N N N N - - - -
29 PRB-VL Puce Road Beach Beach Sediment Y - - - Y N N N N N N N N N - - - -
30 MBT-SL Mitchell's Bay Trees Beach Sediment Y - - - Y N N N N N N N N N - - - -
31 MBT-VL Mitchell's Bay Trees Beach Sediment Y - - - Y N N N N N N N N N - - - -
32 MBP-SL Mitchell's Bay Playground Beach Sediment Y - - - Y N N N N N N N N N - - - -
33 MBP-VL Mitchell's Bay Playground Beach Sediment Y - - - Y N N N N N N N N N - - - -
34 MBP-W-SL Mitchell's Bay Playground Beach Sediment Y - - - Y N N N N N N N N N - - - -
35 MBP-W-VL Mitchell's Bay Playground Beach Sediment Y - - - Y N N N N N N N N N - - - -
36 MBT-W-SL Mitchell's Bay Trees Beach Sediment Y - - - Y N N N N N N N N N - - - -
37 MBP-SP-SL Mitchell's Bay Playground Beach Sediment Y - - - Y N N N N N N N N N - - - -
38 MBP-SP-VL Mitchell's Bay Playground Beach Sediment Y - - - Y N N N N N N N N N - - - -
39 MBT-SP-SL Mitchell's Bay Trees Beach Sediment Y - - - Y N N N N N N N N N - - - -
40 MBT-SP-SL-DUP Mitchell's Bay Trees Beach Sediment Y - - - Y N N N N N N N N N - - - -
41 LSC-MB-710-01 Mitchell's Bay Ice Nearshore Surface Sediment Y - - Y Y N N N N N N N N N - - - -
42 LSC-MB-710-02 Mitchell's Bay Ice Nearshore Surface Sediment Y - - Y Y N N N N N N N N N - - - -
43 LRN-NSS-1 Little River Nearshore Nearshore Surface Sediment Y Y Y Y Y N N N N N N N N N - - - -
44 MBN-NSS-1 Mitchell's Bay Nearshore Nearshore Surface Sediment Y Y Y - Y N N N N N N N N N - - - -
45 BRN-NSS-1 Belle River Nearshore Nearshore Surface Sediment Y Y Y - Y N N N N N N N N N - - - -
46 PRN-NSS-1 Puce Road Nearshore Nearshore Surface Sediment Y Y Y - Y N N N N N N N N N - - - -
47 MRN-NSS-1 Milk River Nearshore Nearshore Surface Sediment Y Y Y - Y N N N N N N N N N - - - -
48 CRN-NSS-1 Clinton River Nearshore Nearshore Surface Sediment Y Y Y - Y N N N N N N N N N - - - -
49 BPN-NSS-1 Burke Park Nearshore Nearshore Surface Sediment Y Y Y - Y N N N N N N N N N - - - -
50 FBN-NSS-1 Fairhaven Boat Launch Nearshore Nearshore Surface Sediment Y Y Y - Y N N N N N N N N N - - - -
51 HIN-NSS-1 Harsen's Island Nearshore Nearshore Surface Sediment Y Y Y - Y N N N N N N N N N - - - -
52 HIN-NSS-2 Harsen's Island Nearshore Nearshore Surface Sediment Y Y Y - Y N N N N N N N N N - - - -
53 MBN-W-NSS-1 Mitchell's Bay Nearshore Nearshore Surface Sediment Y Y Y - Y N N N N N N N N N - - - -
54 MBN-W-NSS-2 Mitchell's Bay Nearshore Nearshore Surface Sediment Y Y Y - Y N N N N N N N N N - - - -
55 MBN-SP-NSS-1 Mitchell's Bay Nearshore Nearshore Surface Sediment Y Y Y - Y N N N N N N N N N - - - -
56 MBN-SP-NSS-2 Mitchell's Bay Nearshore Nearshore Surface Sediment Y Y Y - Y N N N N N N N N N - - - -
57 SYR-TSS-1 Sydenham River Tributary Surface Sediment Y Y Y Y - N N N N N N N N N - - - -
58 RR-TSS-1 Ruscom River Tributary Surface Sediment Y Y Y Y - N N N N N N N N N - - - -
59 BR-TSS-1 Belle River Tributary Surface Sediment Y Y Y Y - N N N N N N N N N - - - -
60 CR-TSS-1 Clinton River Tributary Surface Sediment Y Y Y Y - N N N N N N N N N - - - -
61 CR-TSS-2 Clinton River Tributary Surface Sediment Y Y Y Y - N N N N N N N N N - - - -
62 SAR-TSS-1 Salt River Tributary Surface Sediment Y Y Y Y - N N N N N N N N N - - - -
63 MR-TSS-1 Milk River Tributary Surface Sediment Y Y Y Y - N N N N N N N N N - - - -
64 LR-TSS-1 Little River Tributary Surface Sediment Y Y Y - Y N N N N N N N N N - - - -
65 CRTB-TSS-1 Chapaton RTB Tributary Surface Sediment Y Y Y - Y N N N N N N N N N - - - -
66 CRTB-TSS-2 Chapaton RTB Tributary Surface Sediment Y Y Y - Y N N N N N N N N N - - - -
1 MBN-NSS-2 Mitchell's Bay Nearshore Archived Surface Sediment Y - Y - - - - - - - - - - - - - - -
2 BRN-NSS-2 Belle River Nearshore Archived Surface Sediment Y - Y - - - - - - - - - - - - - - -
3 PRN-NSS-2 Puce Road Nearshore Archived Surface Sediment Y - Y - - - - - - - - - - - - - - -
4 LRN-NSS-2 Little River Nearshore Archived Surface Sediment Y - Y - - - - - - - - - - - - - - -
5 MRN-NSS-2 Milk River Nearshore Archived Surface Sediment Y - Y - - - - - - - - - - - - - - -
6 CRN-NSS-2 Clinton River Nearshore Archived Surface Sediment Y - Y - - - - - - - - - - - - - - -
7 BPN-NSS-2 Burke Park Nearshore Archived Surface Sediment Y - Y - - - - - - - - - - - - - - -
8 FBN-NSS-2 Fairhaven Boat Launch Nearshore Archived Surface Sediment Y - Y - - - - - - - - - - - - - - -
9 SYR-TSS-2 Sydenham River Archived Surface Sediment Y - Y - - - - - - - - - - - - - - -
10 RR-TSS-2 Ruscom River Archived Surface Sediment Y - Y - - - - - - - - - - - - - - -
11 BR-TSS-2 Belle River Archived Surface Sediment Y - Y - - - - - - - - - - - - - - -
12 LR-TSS-2 Little River Archived Surface Sediment Y - Y - - - - - - - - - - - - - - -
13 MR-TSS-2 Milk River Archived Surface Sediment Y - Y - - - - - - - - - - - - - - -































































Sediment MPs (62.5 µm - 2 mm)















6.4.2.1. Archived Sediment 
Nearshore and tributary bottom sediment samples collected in duplicate were placed in 
250 mL or 500 mL glass jars. Most duplicate samples were archived in the freezer 
immediately. However, 6 duplicate samples were chosen for processing in order to 
determine intra-location variability in MP concentrations (expressed as coefficient of 
variation). Sample volume often exceeded the volume required for MP separation and 
analysis. As a result, each jar selected for analysis (e.g. not immediately archived), was 
homogenized in the lab using a clean stainless steel spoon before an aliquot was taken for 
the first step in processing (drying). The remaining portion of each sample was also 
placed in the freezer for archive (see sample status in Appendix E). 
6.4.2.2. Sediment Drying 
All sediment samples were dried before splitting and/or MP density separation. Sand- and 
gravel-rich sediment samples were dried at 70°C using a Precision Thelco 130DM oven 
(Thermo Fisher Scientific Inc., Waltham, MA, USA). Sediment primarily consisting of 
clays and fine silts were dried using a freeze dryer in the Laboratory for Stable Isotope 
Science, BGS. A freeze dryer was chosen instead of a conventional oven because very 
fine sediment dried by a conventional oven will clump, making microplastic separation 
difficult. 
6.4.2.3. Sediment Splitting & Grain Size 
Samples from ECCC were not split because grain size distribution was determined by 
Natural Resources Canada, Terrain Sciences Division, Ottawa, ON, Canada. Those 
samples were freeze dried prior to grain size analysis by a Lecotrac Particle Size 
Analyzer LT100 (Burniston & Williams, 2008). 
All other samples that have already been freeze-dried or dried in the laboratory oven, will 
be split using a riffle splitter, which will be cleaned by RO water and supplied air 
between samples. One subsample will be retained for MP examination, and the second 
subsample will be processed for grain size and then discarded. The grain size method 
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used will be the same method utilized for ECCC samples (Natural Resources Canada, 
2019). 
6.4.2.4. Sediment-Microplastic Separation 
Dried and sieved samples of grain size 63 µm to 2 mm were placed in a tared 200 mL 
beaker. Mass was determined using a Mettler-Toldeo XS204 analytical balance (Mettler-
Toledo International Inc., Columbus, OH, USA). A 1.5 g cm-3 solution of sodium 
polytungstate (SPT), previously determined by hydrometer, was poured to the 200 mL 
line and the solution was placed on a magnetic stir plate for 5 minutes. Immediately 
following removal from the stir plate, the sediment and SPT solution was poured into a 
clean 500 mL separatory funnel, using an SPT solution squirt bottle to ensure all contents 
entered the funnel. The funnel opening was promptly covered with aluminum foil. After 
the contents were density separated, the non-buoyant material (mainly minerals) was 
passed through the separatory funnel stopcock and onto VWR qualitative fast flow filter 
paper sitting in a glass conical funnel, allowing the solution to pass into a beaker. The 
remaining buoyant material was then deposited on the same type of filter. The filtered 
SPT was saved for reuse while the buoyant material on the filter paper (which includes 
microplastics <1.5 g cm-3) was rinsed with RO water onto a Gilson SV-185#270 53µm 
mesh (Gilson Company Inc., Lewis Center, OH, USA). The material on the mesh was 
then rinsed thoroughly to remove any additional SPT, before being washed into a petri 
dish, which was placed on a clean aluminum pie tray. The tray was covered with 
aluminum foil before being placed in the oven at 70°C until dry. 
6.4.2.5. Organic Matter Separation 
Particulate organic matter (POM) (e.g. leaves, roots, seeds, macroinvertebrates, insects) 
can present a serious challenge for MP identification by optical microscopy. Not only 
does POM increase the time required to process each sample under the microscope, but it 
can also increase the rate of false positives. For sediment samples, POM will therefore be 
oxidized using the wet peroxide oxidation (WPO) method established in the NOAA 
Technical Memorandum NOS-OR&R-48 (Masura et al., 2015). Following WPO, 
remaining material will be rinsed through the 53µm mesh and dried once again at 70°C. 
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6.4.2.6. Blank Filtering 
The 53 µm filter mesh was rinsed in RO water and dried using supplied air before being 
inspected under the optical microscope between samples to verify that the mesh was MP 
free. All field blank and lab blank jars were opened and poured through the 53 µm mesh, 
followed by a triple rinse with RO water of the jar and aluminum foil that contacted the 
sample. Sample matter captured by the mesh was then washed onto a petri dish using RO 
water for oven drying. 
6.4.3. Microplastic Determination 
Through all the aforementioned laboratory procedures, the lower limit of MP 
quantification was 53 µm – the opening size of the mesh that every sample was filtered 
through before being washed onto petri dishes for oven drying. All samples, once dried in 
aluminum foil-covered petri dishes, were brought to the imaging lab. 
6.4.3.1. Visual Identification of Suspected Microplastics 
The petri dishes were uncovered and visually examined for the presence of MPs using a 
Nikon SMZ1500 stereomicroscope (Nikon Instruments, Inc., Melville, NY, USA) (15× to 
225× magnification). A grid was placed under the petri dishes during visual examination 
and each cell in the grid was searched using tweezers and a small pick. The use of 
tweezers and the pick allows for certain items to be characterized as MPs or excluded 
based on tactile sensation. Particles identified as potential MPs were counted and 
categorized by colour, size, and morphology (fibres, fragments, beads, foams, and films). 
Cellulose fibres from the filter papers were easily identified, removed, and not included 
in MP counts. Each potential MP was photographed using the attached Nikon DXM1200 
digital camera and processed in NIS Elements D 4.30 before being placed in a labeled 
glass vial for FTIR analysis. 
6.4.4. Polymer Determination by FTIR 
Six potential MP particles frequently encountered were isolated and sent to SSW to 
confirm whether they were indeed polymers using a Bruker Tensor II FTIR Spectrometer 
with Platinum Attenuated Total Reflectance (Pt-ATR) (Bruker Optik GmbH, Ettlingen, 
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Germany). Determination as to whether these particles were anthropogenic or natural 
helped to refine optical microscopy visual identification. An amount (to be determined) 
of randomly selected particles will also be sent to SSW for FTIR once all samples are 
processed. Fibres will be analyzed using µ-FTIR whereas µ-ATR will be used for the 
other morphologies. 
6.4.5. QA/QC 
Due to the ubiquity of MPs in both indoor and outdoor air (Zhang et al., 2020) multiple 
techniques were utilized to both minimize and account for airborne MP contamination. 
All jars used for sampling were precleaned borosilicate glass jars with aluminum foil 
used to isolate the sample matrix from the jar lid. All field supplies were cleaned with RO 
water and brought to the field in aluminum foil. With the exception of the polyester/ 
polycarbonate 53 μm mesh sieve, all sampling and laboratory equipment was composed 
of glass or metal. During all steps of processing, samples were kept covered with 
aluminum foil as much as possible to limit airborne contamination. White 100% cotton 
lab coats were worn during all processing steps and were frequently washed. All 
laboratory equipment (e.g. beakers, funnels, trays, petri dishes) were stored with their 
openings wrapped in aluminum foil. Airborne contamination levels were reduced in the 
laboratory by utilizing the following proactive precautions: i) laboratory surfaces were 
wiped down routinely using ethanol, ii) laboratory floors were mopped and were 
vacuumed using a vacuum cleaner with a filter capable of capturing particles as small as 
0.3 µm, iii) a HEPA air filter was run in each processing space 24/7, and iv) glass fibre 
filters were installed on HVAC air ducts in the laboratory spaces and are replaced on a 
monthly basis. 
Field blanks were collected using precleaned glass jars half-filled with RO water that 
were left exposed for the amount of time that it took to collect the respective samples. 
Lab blanks were collected using precleaned petri dishes half-filled with RO water during 
the average duration of sample processing and optical microscopy. The water from the 
field blanks was rinsed through the 53µm mesh, which was pre-inspected for 
microplastics under the optical microscope. The mesh was promptly covered with 
aluminum foil and visually inspected for microplastics by microscope. Any microplastics 
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detected were removed using fine tweezers, placed in labeled glass vials, and 
characterized by morphology, colour, and size. When all samples are processed, blank 
correction will be applied by subtracting field blank and lab blank results from MP 
abundances based on morphology and colour. 
6.4.6. Spatial & Statistical Analyses 
Cleanup and aggregation of preliminary data and the creation of tables and plots were 
performed in Microsoft Excel 16.0 (Microsoft Corporation, Redmond, WA, USA). 
Statistical tests were not conducted for any datasets in this chapter due to the limited 
number of samples processed and analyzed by FTIR as a result of the COVID-19 
shutdown. Statistical analyses will be performed once all samples are fully processed. 
Spatial analysis and mapping were performed using ArcGIS 10.8.1 (Esri, Redlands, CA, 
USA). First, the LSC drainage basin was mapped using both HUC-8 (Michigan) and 
Tertiary (Ontario) watersheds, which are equivalent (Neff et al., 2005). Methods for the 
human population by watershed and plastics facilities by watershed analyses are detailed 
in Corcoran et al. (2020a); both methods utilize HUC-8/Tertiary watersheds. Watersheds 
at the highest level of detail were acquired (Subbasins/Quaternary) because the HUC-
8/Tertiary watersheds did not always allow for fine enough scale to differentiate basin 
outflows to LSC vs. the Detroit River. The sub-basins for Michigan did not account for 
portions of the Detroit Water and Sewerage Department Service Area in northeastern 
Wayne County (CDM, 2003). Although a portion of the City of Detroit and all of the 
cities of Grosse Pointe Park, Grosse Pointe, Grosse Pointe Farms, and Northeast Wayne 
once flowed into LSC, waterbodies have mostly been covered and a combined sewer 
system carries a portion of the flow towards the Detroit WWTP on the Detroit River 
(CDM, 2003). It is beyond the scope of this thesis to determine the exact percentage of 
direct drainage to LSC compared to the flow that is sent to the Detroit WWTP. 
Potential MP sources (e.g. WWTP effluent, plastic industries, biosolids application sites) 
were mapped within the LSC basin to measure or correlate MPs to sources (Table 6-3). 
Potential MP sources were determined by each HUC-8/Tertiary watershed, much in the 
same way that plastics facilities were determined. Further analysis will be conducted 
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once all MP data are processed in the future. Because the LSC watershed encompasses 
both Michigan and Ontario, there were inevitable discrepancies between datasets from 
the two jurisdictions. For example, Ontario WWTP effluent data are more complete than 
Michigan data, which lack average discharge rates for many of the WWTPs in the 
watershed. On the other hand, Michigan has publicly available geospatial data for 
biosolids (processed sewage sludge) land application sites whereas Ontario requires a 
Freedom of Information Request to the Ontario Ministry of Agriculture Food and Rural 
Affairs (OMAFRA) (L. Wild, 2020, personal communication). These discrepancies are 
noted in Table 6-3.  
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Table 6-3: Potential MP sources mapped within LSC watershed, where available. *Although PFAS 
sites are not necessarily sources of MPs, MPs are potential transport mechanisms of this class of 
emerging contaminants. 
Dataset Michigan Source/ 
Dataset Name 






Michigan EGLE, 2014/ 
Part 115 Active-
Accepting Landfills 
Ontario Open Data, 
2014/Large Landfill Sites 
Su et al., 2019; 









City of London, 2018/ 
Sanitary Outfalls 
Treilles et al., 2020 






Michigan EGLE, n.d./ 
Wastewater Treatment 
Plants - Public and 
Private 
Government of Canada, 
2020b/Monitoring 
Reports 2013-2018 
Mason et al., 2016a; 
Murphy et al., 2016 
Biosolids Land 
Application Sites 
Michigan EGLE, n.d./ 
Biosolids Sites 
No Data Available  
(L. Wild, 2020, personal 
communication) 




2020a/PFAS Sites in 
Michigan 
No Data Available  








Michigan EGLE, n.d./ 
MS4 Municipalities 
N/A Proxy for population 
centers with separated 
sewers in Michigan 
Human Population/ 
Watershed 
US Census Bureau, 
2010 (see Corcoran et 
al., 2020a) 
Statistics Canada, 2016 
(see Corcoran et al., 
2020a) 
Galafassi et al., 2019; 
Treilles et al., 2020; 
Sommer et al., 2018 
Plastic Facilities ThomasNet, 2020 & Google Maps, 2020  
(see Corcoran et al., 2020a) 
Galafassi et al., 2019; 





All of the VPD samples were processed and categorized. However, only a portion of the 
MP samples in this study were analyzed visually under an optical microscope for the 
determination of MPs (or more aptly, anthropogenic microparticles because FTIR was 
only performed selectively) prior to the COVID-19 shutdown. 
6.5.1. Visible Polymeric Debris 
A total 13 samples were collected from 9 locations, covering 970.5 m2, consisting of 
2,047 VPD items and weighing 709.53 g. Visible polymeric debris counts ranged from 
0.58 items m-2 (SC-MC-TL) to 9.92 items m-2 (SC-PRB-PE), whereas detected mass 
ranged from 0.09 g m-2 (SC-CB-TL) to 7.50 g m-2 (SC-MBT-W-PE) (Table 6-4).  
Table 6-4: St. Clair system VPD count and mass per m2 by size fraction. 
 
St. Clair system results were generally comparable to those from the five Great Lakes, 
despite the differences in sampling methodology (strandline based sampling for the Great 
Lakes and transect line or perimeter of exposure sampling for the St. Clair system). Box 
plots of microplastics (Figure 4-5), mesoplastics (Figure 4-6), macroplastics (Figure 4-7), 
and all fractions (Figure 4-8) compare St. Clair system samples to those from each lake. 
See Appendix B for detailed VPD characterization. 
Location Sample ID Area (m
2) 1.0 - 5.0 5.0 - 25 > 25 All 1.0 - 5.0 5.0 - 25 > 25 All 1.0 - 5.0 5.0 - 25 > 25
Bluewater Riverwalk SC-BRW-PE 43.7 0.05 0.80 0.25 1.10 <0.0001 0.11 0.09 0.20 ND 0.13 0.37
Burke Park SC-BP-TL 85.4 0.81 0.62 0.18 1.60 0.002 0.06 0.07 0.13 0.003 0.09 0.42
Chrysler Beach SC-CB-TL 22.5 3.47 0.31 0.09 3.87 0.06 0.03 0.01 0.09 0.02 0.09 0.09
Marine City SC-MC-TL 64.0 0.11 0.31 0.16 0.58 0.0003 0.04 0.08 0.11 0.003 0.12 0.50
Metro Beach SC-MB-TL 352 1.05 0.66 0.18 1.89 0.02 0.08 0.10 0.20 0.02 0.12 0.56
Puce Road Beach SC-PRB-PE 25.0 2.56 4.84 2.52 9.92 0.02 0.42 2.20 2.65 0.01 0.09 0.87
Sombra Small Beach SC-SSB-PE 95.3 0.62 0.93 0.08 1.64 0.01 0.07 0.06 0.14 0.02 0.08 0.74
Mitchells Bay Playground SC-MBP-TL 50.3 0.12 0.30 0.24 0.66 0.002 0.04 0.56 0.60 0.02 0.13 2.33
Mitchells Bay Playground SC-MBP-W-TL 50.3 0.34 1.25 0.38 1.97 0.004 0.42 0.72 1.14 0.01 0.34 1.90
Mitchells Bay Playground SC-MBP-SP-TL 50.3 0.82 1.13 0.46 2.41 0.01 0.18 1.27 1.45 0.02 0.15 2.77
Mitchells Bay Trees SC-MBT-PE 60.0 0.80 1.62 1.18 3.60 0.01 0.29 1.76 2.06 0.01 0.18 1.49
Mitchells Bay Trees SC-MBT-W-PE 12.0 0.67 1.25 3.42 5.33 0.02 0.16 7.32 7.50 0.03 0.13 2.14
Mitchells Bay Trees SC-MBT-SP-PE 60.0 0.10 0.92 1.27 2.28 0.00003 0.25 2.35 2.59 0.0003 0.27 1.85
VPD Count (Items m-2) VPD Mass  (g m-2) Avg. VPD Mass (g)
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6.5.2. Microplastic Concentrations & Characteristics 
Seven ECCC samples have been analyzed. The remainder of the samples are in various 
stages of processing (Table 6-1). Sample processing will be completed in the near future 
by members of the Corcoran Lab. 
6.5.2.1. ECCC SCR Riverbed Surface Sediment 
All 7 of the ECCC sediment samples processed and analyzed through optical microscopy 
were blank corrected by subtracting fibres detected in the lab blank from each of the 
analyzed fractions (53 µm to 250 µm and >250 µm). As observed in Figure 6-9, the 
samples analyzed were all from the upper reach of the SCR. 
 
Figure 6-9: Potential MP concentrations by morphology from ECCC samples on the SCR. Samples 
have been blank corrected but particles have not been analyzed by FTIR. 
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Samples were generally dominated by fragments and fibres, with minor microbeads and 
films. Absolute number of potential MPs detected per sample ranged from 7 to 76 
particles following blank correction. Normalized by kg of dry weight sediment (kg-1 dw), 
potential MP concentrations ranged from 386 particles kg-1 dw at SC16 to 6,308 particles 
kg-1 dw at SC40 (Table 6-5). Descriptive statistics have not been calculated due to the 
small sample size. Representative fragments and fibres photographed are shown in Figure 
6-10 and Figure 6-11. Note that scales vary by image. 
Grain size distribution for all 13 ECCC samples in various stages of processing is shown 
in Table 6-6. This analysis will be more useful when all samples are processed. 
Nonetheless, samples consist of clayey silt, silty sand, or sand. Gravel was not present in 
any sample except for trace amounts in SC24. 






Potential Microplastics by Morphology (particles kg-1 dw) 
Fibres Fragments Beads Films Foams Sum 
SC11 19 385 269 38 38 - 731 
SC18 15 72 216 180 72 - 540 
SC24 16 645 502 - - - 1,147 
SC26 14 571 285 143 - - 999 
SC61 12 638 71 71 71 - 851 
SC40 76 2,490 3,818 - - - 6,308 





Figure 6-10: Representative examples of fragments from ECCC samples. 
 
 
Figure 6-11: Representative examples of fibres from ECCC samples.  
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Table 6-6: Grain size distribution of ECCC bottom sediment samples. Sums <100% are due to 
fractions not analyzed (N/A). Data from Burniston & Williams (2008). 
 % Clay % Silt % Sand % Gravel Sum 
SC10 23.4 63.7 13.0 - 100.0 
SC11 N/A N/A 92.4 - 92.4 
SC16 N/A N/A 96.1 - 96.1 
SC18 35.0 63.0 N/A N/A 98.1 
SC24 N/A N/A 97.5 0.04 97.5 
SC26 17.6 23.8 58.6 - 100.0 
SC40 20.0 34.7 45.3 - 100.0 
SC42 N/A N/A 95.3 - 95.3 
SC50 11.6 12.0 76.3 - 100.0 
SC58 N/A N/A 97.5 - 97.5 
SC61 23.8 47.8 28.4 - 100.0 
SC77 15.5 30.2 54.3 - 100.0 
SC78 32.2 65.1 N/A N/A 97.3 
 
6.5.2.2. Blanks 
The ECCC sample laboratory blank contained 6 fibres – 4 blue, 1 black, and 1 grey. This 
blank was applied to each size fraction of the 7 ECCC surface sediment samples which 
have been analyzed (see Section 6.5.2.1). As discussed previously, no field blanks were 
collected by ECCC personnel. Six field blanks from LSC and tributary sampling were 
processed and analyzed, but they will not be discussed in this thesis because none of the 
sediment samples that they are applied to have been fully processed at the time of 
writing. 
6.5.3. Polymer Determination by FTIR 
Five VPD items from SC-PRB-PE were analyzed by FTIR to determine composition. 
Four of these items were described as “suspected plasticized PVC” prior to FTIR because 
they were rubbery, patterned films, characteristic of plasticized PVC. One of the items 
was described as “possibly plasticized PVC” for the same reasons but was more rigid in 
nature. All of these items were selected to confirm physical identification methods for 
both St. Clair system and Great Lakes VPD datasets. The four items were confirmed to 
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be PVC containing phthalate, whereas the last item was a PET + PVC mixture (see 
Appendix C).  
Six potential MPs from SC-LR-SW (Little River, Windsor, Ontario) were analyzed by 
FTIR to determine composition. These samples were not randomly selected, but rather, 
were chosen because certain particles were routinely found in samples and it was 
unknown if the particles were organic matter or anthropogenic particles. One sample was 
determined to be PP, whereas the other five were likely biofilms or other unknown 
organic matter (M. Walzak, 2020, personal communication). Figure 6-12a shows black 
fragment 1, which has a spectrum consistent with PP. Black fragment 3 (Figure 6-12b) 
does not have a spectrum consistent with a common commercial polymer. Rather, this 
sample has an organic component seen in carbon-hydrogen (CH) stretching between 
2800 and 3000 cm-1 and many sharper peaks (M. Walzak, 2020, personal 
communication). Clear films 1 and 2 (Figure 6-12c and d) also have an organic 
component as indicated by CH stretching and both are potentially biofilms (Figure 6-14). 
It is possible that these two samples contain polyamide/proteinaceous or polysaccharide 
materials (M. Walzak, 2020, personal communication). Soft tan fragment 1 and soft tan 
fragment 5 (Figure 6-12e and f) are unknown POM as indicated by CH stretching. Soft 
tan fragment 1 had some similarities to cellulose, and library matches to soft tan fragment 





Figure 6-12: Six potential MP samples analyzed by FTIR: a) black fragment 1 (PP), b) black 
fragment 3 (unknown POM), c) clear film 1 (potential biofilm), d) clear film 2 (potential biofilm), e) 




Figure 6-13: Spectra of a black fragment (Figure 6-12a) matched with PP using µ-FTIR.  
 
 
Figure 6-14: Spectra of two clear films (Figure 6-12c and d) compared to a reference biofilm 




The VPD and MP preliminary results are discussed below. Care should be taken in 
interpreting MP results because of the small number of completed samples, and because 
FTIR has not yet been utilized to confirm that the potential MPs are polymeric. 
6.6.1. Comparison of VPD Results with Previous Work 
During field sampling for this study, an effort was made to reoccupy each of the 9 
sampling locations from Zbyszewski et al. (2014). However, due to record high water 
levels, only four of the locations were reoccupied. These four locations – Burke Park, 
Metro Beach, Puce Road, and Mitchell’s Bay Playground – are compared in Table 6-7. 
Zbyszewski et al. (2014) did not weigh their VPD samples, nor did they split samples 
into size fractions. Therefore, the only comparison performed is VPD density by count. 
As observed in Table 6-7, all samples except for SC-MB-TL (Metro Beach) have a much 
higher VPD density in this study compared to Zbyszewski et al. (2014). The very close 
values at Metro Beach between the two studies across all morphologies might be due to a 
regular beach grooming routine that removes most of the VPD >25 mm (macroplastics) 
leaving behind a relatively constant sink of smaller VPD (see Figure 5-6). 
The reason that Mitchell’s Bay and Burke Park samples from this study are much higher 
in VPD density than Zbyszewski et al. (2014) is unknown. However, the increase in VPD 
in Mitchell’s Bay samples is driven by large increases in the density of all morphologies, 
whereas the increase at Burke Park is driven mostly by fragments and EPS (Table 6-7). 
The order of magnitude difference between the Puce Road samples (Table 6-7) is likely 
the result of record high water levels, which deposited debris on the site, coupled with a 
lack of cleaning. The site is a parkette (essentially a public access point for Lake St. Clair 
at a dead end street). A lot of the debris collected in this study from Puce Road were 
extremely weathered and consisted of a large number of non-SUP items. 
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Table 6-7: Comparison of the four Zbyszewski et al. (2014) locations resampled for this study. The 
heatmap displays VPD density (low to high = green to red) for each of the four morphologies in 
Zbyszewski et al. (2014). Note that SC-MBP-TL is the average of three samples. 
 
6.6.2. Seasonal Variation of VPD 
The two Michell’s Bay locations (Mitchell’s Bay Trees – SC-MBT-PE; Mitchell’s Bay 
Playground – SC-MBP-TL) were sampled three times each. The locations were sampled 
in August 2019, December 2019, and March 2020 and represent 29.1% of total St. Clair 
system VPD sampling area. MBT samples, in chronological order, had a VPD count of 
0.66, 1.97, and 2.41 items m-2 with a VPD mass of 0.6, 1.1, and 1.5 g m-2, whereas MBP 
samples had a VPD count of 3.60, 5.33, and 2.28 items m-2 with a VPD mass of 2.1, 7.5, 
and 2.6 g m-2 (Table 6-4). For MBP, both December and March sampling areas were 
covered in beach cast, consisting largely of phragmites reeds from ice shove (Figure 
6-15). The resultant samples had a much higher count and mass than the August samples 
for two probable reasons: i) the beach was regularly cleaned during the “beach season”, 
and ii) the ice shove deposited co-accumulated POM and VPD which was not removed. 
SC-BP-TL SC-MB-TL SC-PRB-PE SC-MBP-TL
Pellets 0.01 0.89 0.00 0.01
Fragments (<20 mm) 0.06 0.71 0.10 0.20
EPS 0.05 0.32 0.60 0.00
Intact Fragments 0.13 0.20 0.09 0.13
Total 0.23 2.12 0.79 0.34
46 105 53 24
200.0 49.5 67.1 70.6
Pellets 0.07 0.84 0.96 0.27
Fragments (<25 mm) 1.23 0.82 6.28 0.94
EPS 1.05 0.32 4.16 0.28
Intact Fragments 0.16 0.12 0.56 0.30
Total 2.52 2.10 11.96 1.80
215 739 299 90.3
























































Figure 6-15: Mitchell’s Bay Playground (MBP) sampling location in: a) August 2019, b) December 
2019, and c) March 2020. Looking approximately SE. 
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For MBT samples, the August and March samples were fairly consistent in count and 
mass, whereas the December sample was much higher in count and mass. This 
discrepancy is driven by much higher >25 mm (macroplastic) counts and masses. For all 
three sampling events, the MBT location had a clear strandline caused by beach cast. 
Since this location was off from the playground area, it was not regularly cleaned. The 
higher macroplastic counts during the December event are explained by an abundance of 
relatively heavy debris which were at the edge of an ice shove, which covered a portion 
of the original sampling area. 
Because Mitchell’s Bay samples constituted of 29.1% of total St. Clair system sample 
area, certain items which were abundant at these two locations were over-represented in 
the database. As a result, 100% of the 128 shotgun wads/gas seals and the 1 shotgun shell 
collected in the St. Clair system were from these two sampling locations. The abundance 
of shotgun wads/gas seals at Mitchell’s Bay provides interesting insights into local 
recreational activities. During the December 2019 sampling trip, shotguns were being 
fired in the distance, while multiple parkgoers discussed their curiosity with the large 
number of shotgun wads washed ashore during multiple sampling events. Chatham-Kent, 
the municipality that Mitchell’s Bay is located in, actively promotes hunting, stating that 
the area is “one of the best places to hunt ducks and geese in Ontario” (Chatham-Kent, 
2020).  
Shotgun wads are used to separate the shot from the powder inside of the shotgun shell. 
When a shotgun is fired, the shotgun wad travels with the shot, while the shotgun shell is 
discharged close to the hunter (VIMS, n.d.). Therefore, the shotgun shell is easily 
recovered by the hunter, but the shotgun wad is very difficult to recover as it can travel 
100s of metres. As a result, shotgun wads are a ubiquitous form of plastic pollution 
(Kanstrup & Balsby, 2018). Shotgun wads illustrate an example of a product that has 
been designed with no regard to the product’s environmental impact or fate, as observed 
by the 128:1 ratio of shotgun wads/gas seals to shotgun shells. This design flaw falls 
solely on shotgun ammunition manufacturers, and not on hunters, who usually take 
environmental stewardship seriously. Although shotgun shells initially sink to the 
sediment bed due to the presence of metallic components, over time, they become 
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buoyant as the metallic components are corroded away (Kanstrup & Balsby, 2018). Even 
though the high ratio of shotgun wads/gas seals to shotgun shells can be partially 
explained by this initial difference in density, it does not fully explain the high ratio. 
Another VPD item from Mitchell’s Bay that provides interesting insights into local 
activities is plastiglomerate. All 3 plastiglomerates from the St. Clair system were 
collected from the Mitchell’s Bay sampling locations, one of which was a partially 
melted shotgun wad with adhered sediment. Open burning is an obvious source of these 
plastiglomerates, and open burning of carbonaceous products was observed during the 
March sampling event (Figure 6-16). Open burning also represents an unconventional 
means of VPD removal from shoreline environments, where a portion of the VPD burned 
are fully depolymerized. The presence of both shotgun ammunition and plastiglomerates 
suggest that local sources dominate VPD at Mitchell’s Bay. 
 
Figure 6-16: Open burning of carbonaceous products (likely including polymeric debris) visible from 
Mitchell's Bay, Ontario, resulting in black carbon emissions, March 2020. 
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6.6.3. ECCC SCR Riverbed Surface Sediment 
A more complete analysis of MPs in riverbed sediment from the SCR will be possible 
once all samples are fully processed and analyzed through optical microscopy and 
random FTIR. Based on preliminary results, all samples except for SC40, the most 
downstream of the analyzed samples, are fairly consistent in concentrations (386 to 999 
particles kg-1 dw) (Figure 6-9). A possible explanation for the high concentrations of 
6,308 particles kg-1 dw in SC40 is the presence of the adjacent Nova Chemicals’ Moore 
Site, where polyethylene is polymerized and pelletized for end-product manufacturers 
(Nova Chemicals, 2017). Burniston & Williams (2008) note that this sampling station 
was chosen intentionally because it was adjacent to the Nova Chemicals site. However, 
polymer determination by FTIR will have to be carried out to make any links that are 
beyond speculation. 
6.6.4. Relationship to Human Population by Watershed 
The Michigan side of the LSC watershed is heavily populated, especially the metro 
Detroit area, the 14th most populous metropolitan statistical area in the US. The Detroit 
metro area is primarily in the Clinton River and Rouge River watersheds, although the 
Rouge River drains into the Detroit River. The Clinton River watershed has 
approximately 1.4 million people residing in it and a population density of approximately 
680 people km-2 (Figure 6-17). The smallest HUC-8/Tertiary watershed in the LSC basin 
is the St. Clair River watershed, which encompasses parts of both Ontario and Michigan 




Figure 6-17: Human population per HUC-8/Tertiary watershed. Sources noted in Table 6-3. 
6.6.5. Relationship to Watershed Sources 
Because sample processing and analyses have not been completed, it is not yet possible 
to correlate watershed sources with MP abundances. However, potential sources, as 
discussed in the literature (rationale for inclusion of each source category is provided in 
Table 6-3) have been mapped in Figure 6-18. Overall, the State of Michigan has much 
better open data availability than the Province of Ontario, presenting the challenge of 
numerous data gaps on the Ontario side. Notwithstanding these data gaps, the Michigan 
side of the LSC watershed, despite only covering 23% of the total watershed area 
(LSCCWCC, 2008), accounts for most of the mapped potential sources. This is due to the 




Figure 6-18: Potential sources of MPs within the LSC basin. Sources noted in Table 6-3. 
Although watershed sources and direct discharges were considered, potential overwater 
sources were not mapped due to both lack of data and the non-stationary nature of most 
overwater activities. However, mercantile, commercial, and institutional vessels are 
bound to have some impact on MP loading into LSC and the SCR. Additionally, large 
recreational activities such as the Jobbie Nooner boat party, Port Huron Float Down, and 
Muscamoot Bay Raft Off serve as additional overwater sources. Another unmapped 
source is atmospheric deposition. Microplastics have been detected in indoor air, urban 
air, and even in remote catchments, demonstrating that they can travel great distances 
through air (Zhang et al., 2020). This atmospheric deposition would be impossible to map 
and would instead have to be determined by capturing atmospheric fallout.  
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6.6.6. Proximity to Plastic Producers, Manufacturers and Users 
A total of 282 manufactures, 2 distributors, 9 suppliers, and 8 combined facilities are 
located within the LSC watershed (Figure 6-19). A significant caveat in this analysis is 
that all facilities are given equal weight, irrespective of size/production volume. 
Additionally, polymer manufacturers and end-product manufacturers are grouped 
together. Although the map indicates that there are more facilities on the Michigan side 
of the SCR compared to Ontario, the Sarnia-Lambton area is one of the largest 
petrochemical hubs in the entire LGLS. For example, Nova Chemicals’ Moore Site in 
Mooretown, Ontario, a few hundred metres inland from the SCR, polymerizes ethylene 
feedstock. The facility has a rated capacity of 840 million pounds (~381,000 t) of 
pelletized PE, which it transports to end-product manufacturers across North America 
(Nova Chemicals, 2017). A facility of this size would theoretically have higher potential 
for plastic releases to the environment than a small end-product manufacturer. 
In watersheds directly draining into LSC, there are many more plastic industries in the 
Detroit metro area than in Ontario. These industries are concentrated in Macomb County 
within the Clinton River watershed, an AOC. Most of the plastic industries in watersheds 
directly draining to LSC are located in London, Ontario, within the Thames River 
watershed. The reason that this discrepancy is significant is that plumes from discharges 
and tributaries on the Michigan side of LSC generally stay on the Michigan side, whereas 
those on the Ontario side tend to stay on the Ontario side due to the flow-through nature 
of LSC as indicated by hydrodynamic models (Derecki, 1984) and plume tracing studies 




Figure 6-19: Plastic industries by broad category within the LSC basin. Sources noted in Table 6-3. 
6.7. Preliminary Conclusions 
Visible polymeric debris densities at locations reoccupied from the Zbyszewski et al. 
(2014) study were higher in this study, and densities were much higher in the SC-PRB-
PE sample. Due to the low sample number, this apparent increase might not be 
significant. Count and mass per m2 are comparable between the St. Clair system VPD 
data from this chapter and the Great Lakes data also from this study, although hypothesis 
tests were not performed due to differences in sampling methodology. The abundance of 
shotgun wads/gas seals and plastiglomerate at Mitchell’s Bay sampling locations suggests 
that local activities are a large contributor to VPD to the Mitchell’s Bay sampling area. 
The ratio of shotgun wads/gas seals to shotgun shells demonstrates that shotgun 




Although the number of processed MP samples in this study are minimal thus far, some 
preliminary conclusions can be reached. Potential MP concentrations in surface sediment 
of the SCR are within the range reported in other LGLS sediment studies (e.g. Ballent et 
al., 2016; Dean et al., 2018; Lenaker et al., 2019). Sample SC40 however, is in the upper 
range of concentrations found in the literature for the size fractions analyzed. It is likely 
that concentrations will decrease after non-plastics are removed from the data following 
FTIR analysis. Future work should involve offshore samples in Lake St. Clair and should 
involve the collection of sediment cores which can be dated to determine historical MP 
trends in LSC and the SCR. Once sample processing and analysis is complete, additional 
conclusions will be reached concerning MPs in the LSC system.  
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Chapter 7  
7 Conclusion 
In order to more fully understand the extent of plastic pollution in the LGLS, combining 
studies of both VPD and microplastics is important. This study provides an important 
snapshot of plastics in the LGLS and will help inform future work, in particular studies 
focused on plastic pollution across the Great Lakes. 
7.1. Visible Polymeric Debris in the LGLS 
A few locations in this study were responsible for a large portion of the VPD. Two 
locations in particular – Sarnia Baxter Beach (Lake Huron) and Bronte Beach (Lake 
Ontario) had VPD counts that are some of the highest reported globally (805.5 items m-2 
and 688.1 items m-2 respectively). The utilization of size fractions as well as recording 
VPD counts and mass by size fraction were important in determining that VPD mass 
decreases with a decrease in size fraction despite total VPD counts being dominated by 
the microplastics fraction (1-5 mm). The utilization of size fractions also suggests that 
NGOs that clean up and quantify VPD on beaches are likely undercounting VPD in the 
microplastic range. Moreover, brand audits conducted by groups like Break Free From 
Plastic appear to undercount items which are not clearly branded, such as bottle caps and 
cigarette butts. There is need for additional guidance. In fact, government agencies and 
NGOs should work to create an anthropogenic debris categorization system similar to the 
NOAA or the OSPAR Commission categorization lists. Both of these categorization 
systems were not well suited for the LGLS, and many important items fell into the 
“other” categories.  
An MST was used to source the top 50 VPD, excluding pellets. The MST outputs suggest 
that the majority of non-pellet VPD originate from either shoreline recreation or urban 
areas (sewage related debris) as opposed to agricultural areas. Multiple lines of evidence 
between Great Lakes and St. Clair system samples suggest that local sources dominate 
VPD based on: i) the localized presence of shotgun wads and plastiglomerate at 
Mitchell’s Bay, ii) the abundance of pellets in proximity to major plastics manufacturing 
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areas, iii) the large number of relatively unweathered VPD on beaches (including 
cigarette butts with ink legible on the paper), and iv) results of the MST. These findings 
are similar to other studies conducted in the LGLS. 
Plastic pellets accounted for 58.1% percent of total VPD; their release into the 
environment is due to spillage on-site or during transport. However, the average 
Americans’ and Canadians’ habits of excess consumption props up this form of pollution, 
and unless consumers demand change, government and industry alike will likely not act. 
However, certain VPD have entered the environment because of their intrinsic nature 
(e.g. shotgun wads, airsoft pellets, and string trimmer line). 
7.2. Microplastic Pollution in the St. Clair System 
This study is the first to focus primarily on MPs in the St. Clair system. Although only a 
fraction of the collected MP samples have been processed, some preliminary conclusions 
can be made. Bottom sediment concentrations, which range from 386 to 6,308 particles 
kg-1 dw, are within the range of other LGLS bottom sediment studies. Sample SC40 is in 
the upper range of concentrations in the literature, but not all size fractions have been 
analyzed. The source of MPs in this sample could be a nearby plastics facility, but FTIR 
is needed to move beyond speculation. 
Concentrations will decrease once non-plastics are removed following FTIR. Future 
work, informed by the results from this preliminary study, should involve more 
comprehensive source tracing in each tributary. The work should involve the collection 
of offshore samples to better characterise Lake St. Clair, and multiple sediment cores 
should be collected to determine historical MP trends in the St. Clair system. Care must 
also be taken when handling contaminated sediment and care must be taken to avoid 
collecting sediment cores in areas where dredging has occurred. Additional discussion 
and conclusions will be made when all MP samples are processed by a member of the 
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Appendix A: Great Lakes Visible Polymeric Debris Sampling 
Locations 
  











S-Mt-SL Marquette 46.48589 -87.24311 Superior Fine sand No US MI 49855 33561 Rural No
S-Batt-SL Batchawana Bay 46.94517 -84.56181 Superior Very coarse sand No Canada ON P0S 1A0 5518 Rural No
S-Kt-SL Katherine Cove 47.44392 -84.75031 Superior Fine sand No Canada ON P0S 1K0 2975 Rural Yes
S-GMt-SL Grand Marais 46.67000 -85.98072 Superior Medium sand No US MI 49883 151 Rural No
S-Ft-SL Temperance River 47.54408 -90.89128 Superior Pebbles + Cobbles No US MN 55613 205 Rural Yes
S-LSH-SL Houghton 47.23126 -88.62412 Superior Medium sand No US MI 49930 6987 Rural Yes
S-GMDT-SL Grand Marais Dunes 46.67600 -85.98714 Superior Mixed No US MI 49883 151 Rural No
S-MIt-SL Michipicoten 47.93656 -84.84975 Superior Granules No Canada ON P0S 1K0 2975 Rural Yes
S-Rt-SL Rossport 48.83609 -87.50500 Superior Fine sand No Canada ON P0T 2R0 5909 Rural No
S-MBt-SL Munising 46.41233 -86.65254 Superior Fine sand No US MI 49862 5025 Rural No
S-PRt-SL Pigeon River 48.00519 -89.57908 Superior Organics No Canada ON P7L 0A2 1986 Rural No
S-LSO-SL Ontonagon 46.87913 -89.31214 Superior Medium sand No US MI 49953 2879 Rural Yes
S-Sht-SL Shuniah 48.48133 -89.14122 Superior Medium sand No Canada ON P7B 5E4 2737 Urban No
S-SPt-SL Sherman Park 46.48764 -84.41817 Superior Fine sand No US MI 49783 19668 Urban Yes
S-BSPt-SL Brimley 46.41536 -84.55969 Superior Medium sand No US MI 49715 3130 Rural Yes
S-Pt-SL Park Point 46.73174 -92.05061 Superior Fine sand No US MN 55802 2442 Urban No
S-BT-SL Baraga/Second Sand 46.85717 -88.36681 Superior Fine sand No US MI 49946 4040 Rural No
S-Ma-SL Marathon 48.70682 -86.38702 Superior Pebbles + Cobbles No Canada ON P0T 2E0 3353 Rural No
E-HH-SL Holiday Harbour 42.07694 -82.44944 Erie Mixed No Canada ON N0P 2P0 28403 Rural Yes
E-PC-SL Port Clinton 41.51528 -82.93500 Erie Silt + shells No US OH 43452 13811 Rural Yes
E-JALP-SL James N Allen Park 42.84830 -79.66437 Erie Silt No Canada ON N1A 2W8 44876 Rural No
E-PS-SL Port Stanley 42.65153 -81.21806 Erie Medium sand No Canada ON N5L 1E1 12723 Rural Yes
E-FH-SL Fairport Harbour 41.75806 -81.29056 Erie Mixed No US OH 44060 60211 Urban Yes
E-EVG-SL Evangola Park 42.61054 -79.11172 Erie Fine sand No US NY 14081 3095 Rural No
E-CEB-SL Cedar Beach 42.01250 -82.77778 Erie Mixed Yes Canada ON N9Y 3V8 21362 Rural Yes
E-CB-SL Colchester Beach 41.98361 -82.93333 Erie Medium sand No Canada ON N0R 1G0 19600 Rural No
E-CRES-SL Crescent Beach 42.88583 -78.96389 Erie Very fine sand No Canada ON L2A 1J3 29960 Urban Yes
E-PIP-SL Presque Isle 42.14357 -80.13871 Erie Very fine sand + shells No US PA 16505 17168 Urban No
H-OBP-SL Private Pfeiffer 44.33639 -83.33472 Huron Medium sand No US MI 48730 4716 Rural No
H-HarB-SL Harbor Beach 43.84111 -82.64861 Huron Fine sand Yes US MI 48441 4085 Rural No
H-PA-SL Port Austin 44.04806 -82.99167 Huron Fine sand Yes US MI 48467 2337 Rural Yes
H-SouB-SL South Beach 43.69111 -81.72639 Huron Medium sand No Canada ON N7A 3X8 7521 Rural No
H-B3-SL Point Clark 44.05417 -81.74583 Huron Medium sand No Canada ON N2Z 2X3 11174 Rural No
H-PB-SL Providence Bay 45.66528 -82.26639 Huron Mixed No Canada ON P0P 1T0 1958 Rural No
H-HurB-SL Huron Beach 45.49500 -84.03667 Huron Fine sand No US MI 49759 1682 Rural No
H-SunB-SL Sunset Beach 43.77694 -81.72028 Huron Medium sand No Canada ON N7A 3Y3 7521 Rural Yes
H-HilB-SL Hilton 46.25583 -83.88583 Huron Mixed No Canada ON P0R 1G0 145 Rural No
H-BCPP-SL Pinconning 43.85323 -83.92334 Huron Fine sand No US MI 48650 7253 Rural No
H-WB-SL Wasaga Beach 44.47694 -80.08333 Huron Fine sand No Canada ON L9Z 1Z8 17537 Urban No
H-GVB-SL Grandview 44.76556 -79.82194 Huron Coarse sand No Canada ON L0K 1R0 9736 Urban No
H-SarBx-SL Baxter Beach 43.01292 -82.38760 Huron Medium sand No Canada ON N7V 2T4 72366 Urban Yes
H-BaC-SL Bay City 43.66583 -83.90528 Huron Fine sand No US MI 48706 40596 Urban Yes
O-LVP-SL Lakeview Park 43.86389 -78.82806 Ontario Medium sand + shells No Canada ON L1H 8S7 149607 Urban Yes
O-Crerar-SL Crerar 44.21250 -76.56694 Ontario Mixed No Canada ON K7M 4J2 123363 Urban Yes
O-PL-SL Presqu'ile 44.00750 -77.73861 Ontario Medium sand No Canada ON K0K 1H0 10928 Rural No
O-HBPW-SL Humber Bay 43.61361 -79.47917 Ontario Coarse sand + Cobbles Yes Canada ON M8V 3X7 2615060 Urban No
O-OBP-SL Ontario Park 43.25889 -77.60944 Ontario Medium sand No US NY 14612 34515 Urban Yes
O-CSSP-SL Colonel Samuel 43.61194 -79.53917 Ontario Fine sand No Canada ON M8V 4B7 2615060 Urban Yes
O-PO-SL Porter on the Lake 43.27806 -78.98806 Ontario Pebbles + Cobbles No US NY 14174 5794 Rural No
O-SODUS-SL Sodus Point 43.27389 -76.97667 Ontario Medium sand No US NY 14555 974 Rural No
O-BB-SL Bronte Beach 43.39389 -79.71000 Ontario Medium sand No Canada ON L6L 1C6 182520 Urban Yes
M-GB-SL Green Bay 44.53861 -87.99583 Michigan Pebbles + Cobbles No US WI 54302 30611 Urban Yes
M-MA-SL Manistique 45.94944 -86.24111 Michigan Fine sand No US MI 49854 6469 Rural Yes
M-SHE-SL Sheboygan 43.75556 -87.70472 Michigan Fine sand No US WI 53081 43129 Urban Yes
M-PW-SL Pentwater 43.78306 -86.44111 Michigan Medium sand No US MI 49449 2675 Rural Yes
M-CHI-SL 12th Street 41.86500 -87.60722 Michigan Mixed No US IL 60605 24668 Urban No
M-OD-SL Ogden Dunes 41.62111 -87.25500 Michigan Fine sand No US IN 46403 12601 Urban No
M-TC-SL Traverse City 44.77000 -85.63556 Michigan Mixed + Shells No US MI 49684 37963 Urban No
M-ES-SL Escanaba 45.74556 -87.05250 Michigan Fine sand No US MI 49829 17347 Urban No
M-BB-SL Bradford 43.05972 -87.87472 Michigan Fine sand + shells Yes US WI 53211 35406 Urban No
M-OB-SL Holland State 42.77611 -86.21139 Michigan Medium sand No US MI 49424 44760 Urban Yes
M-AL-SL Algoma 44.60583 -87.43639 Michigan Mixed No US WI 54201 5345 Rural Yes
M-BV-SL Bay View 45.40528 -84.91222 Michigan Fine sand No US MI 49740 7042 Rural No
M-WD-SL Warren Dunes 41.90583 -86.60833 Michigan Fine sand No US MI 49125 2046 Rural No
M-KEN-SL Kenosha 42.59056 -87.81306 Michigan Fine sand No US WI 53140 30017 Urban Yes
M-BR-SL Brevort 45.95472 -84.93583 Michigan Medium sand No US MI 49760 713 Rural Yes
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Appendix C: Visible Polymeric Debris FTIR Results Table 
 
1 confirm effectiveness of visual ID
2 confirm polymer
3 determine polymer for identified item
4 determine polymer for unidentified item





FTIR No. Sample ID FTIR Rationale IAA_Description FTIR_Clean SSW_Sample Description
45 O-BB-SL 1 unidentified XPS foam PS Blue puffy particle
46 O-BB-SL 1 unidentified XPS foam PS Pink particle
47 O-BB-SL 1 unidentified XPS foam PS Cream particle
48 O-BB-SL 1 unidentified XPS foam PS Blue flat particle
49 O-BB-SL 2 PU foam (suspected) Undetermined Tan particle
50 O-BB-SL 2 PU foam (suspected) Undetermined Tan particle
51 O-BB-SL 2 PU foam (suspected) Undetermined Tan particle
52 O-BB-SL 2 PU foam (suspected) Undetermined Tan particle
57 O-BB-SL 2 PU foam (suspected) Undetermined Big tan particle
58 O-BB-SL 2 PU foam (suspected) Undetermined Medium tan particle
59 O-BB-SL 2 PU foam (suspected) Undetermined Small tan particle
1 H-SarBx-SL 3 pool noodle type foam PE Large blue foam
2 O-BB-SL 3 brush bristles PE Blue particle
3 O-BB-SL 3 brush bristles, wavy PP Teal particle
9 O-BB-SL 3 angular black fragment, suspected tires RUBBERY, HYDROCARBON Black particle
10 O-BB-SL 3 angular black fragment, suspected tires RUBBERY, POTENTIALLY BUTADIENE Black particle
11 O-BB-SL 3 container fragment, food contact pictogram PP Orange particle (dark)
22 O-BB-SL 3 fake plant leaf/stem PE Dark green particle
23 O-BB-SL 3 fake plant leaf/stem PE Dark green particle
24 O-BB-SL 3 fake plant leaf/stem PE Dark green particle
25 O-BB-SL 3 fake plant leaf/stem PE Dark green particle 
26 O-BB-SL 3 fake plant leaf/stem PE Light green particle
27 O-BB-SL 3 fake plant leaf/stem PE Light green particle
28 O-BB-SL 3 fake plant leaf/stem PP Leaf green particle
29 O-BB-SL 3 fake plant leaf/stem PE Leaf green particle
30 O-BB-SL 3 fake plant leaf/stem PE Leaf green particle
31 O-BB-SL 3 fake plant leaf/stem PP Leaf green particle
39 O-BB-SL 3 foam insulation board PS Light blue particle
40 O-BB-SL 3 foam insulation board PS Light blue particle
41 O-BB-SL 3 foam insulation board PS Light blue particle
42 O-BB-SL 3 spray foam insulation PU Tan particle
43 O-BB-SL 3 spray foam insulation PU Tan particle
44 O-BB-SL 3 spray foam insulation PU Tan particle
21a O-CSSP-SL 3 fake flower cloth PET Flower
21b O-CSSP-SL 3 fake flower stem PE Flower
53 O-BB-SL 4 unidentified foams Undetermined Green particle
54 O-BB-SL 4 unidentified foams PS Blue particle
55 O-BB-SL 4 unidentified foams PS White particle
56 O-BB-SL 4 unidentified foams PS Grey long particle
12 O-BB-SL 5 plastic flash/burr PE Yellow particle
13 O-BB-SL 5 plastic flash/burr PP Clear particle
14 O-BB-SL 5 plastic flash/burr PE Green particle
15 O-BB-SL 5 plastic flash/burr PE + PP + TALC Black particle
16 O-BB-SL 5 plastic flash/burr PE Grey particle
17 O-BB-SL 5 plastic flash/burr PE Purple particle
18 O-BB-SL 5 plastic flash/burr PP Blue particle
19 O-BB-SL 5 plastic flash/burr PP White particle
20 O-BB-SL 5 plastic flash/burr PE Orange particle (light)
60 H-SarBx-SL 5 angular plastic flash/burr (suspected) PE Blue particle
61 H-SarBx-SL 5 angular plastic flash/burr (suspected) PP White particle
62 H-SarBx-SL 5 angular plastic flash/burr (suspected) PE Yellow particle
63 H-SarBx-SL 5 angular plastic flash/burr (suspected) PE Cream particle
64 H-SarBx-SL 5 angular plastic flash/burr (suspected) PE White pellet
65 H-SarBx-SL 5 angular plastic flash/burr (suspected) PE Cream long particle
66 H-SarBx-SL 5 angular plastic flash/burr (suspected) PE Yellow particle
67 H-SarBx-SL 5 angular plastic flash/burr (suspected) PE Clear big particle
68 H-SarBx-SL 5 angular plastic flash/burr (suspected) PP Red particle
69 H-SarBx-SL 5 angular plastic flash/burr (suspected) PE Blue particle
70 H-SarBx-SL 5 angular plastic flash/burr (suspected) PE Grey particle
71 H-SarBx-SL 5 angular plastic flash/burr (suspected) PE Green particle
72 H-SarBx-SL 5 angular plastic flash/burr (suspected) PP Black particle
73 H-SarBx-SL 5 angular plastic flash/burr (suspected) PE Clear long particle
74 H-SarBx-SL 5 angular plastic flash/burr (suspected) PE Black curled particle
75 H-SarBx-SL 5 angular plastic flash/burr (suspected) PP White particle
4 PRB-PE 2 possibly plasticized PVC PET + PVC Pink film
5 PRB-PE 2 suspected plasticized PVC - very worn, patterned PVC Containing Phthalate White particle
6 PRB-PE 2 suspected plasticized PVC - very worn, patterned PVC Containing Phthalate Blue particle
7a PRB-PE 2 suspected plasticized PVC - very worn, patterned PVC Containing Phthalate Grey particle
7b PRB-PE 2 suspected plasticized PVC - very worn, patterned PVC Containing Phthalate Grey particle
8a PRB-PE 2 suspected plasticized PVC - very worn, patterned PVC Containing Phthalate Green/white particle
8b PRB-PE 2 suspected plasticized PVC - very worn, patterned PVC Containing Phthalate Green/white particle
34 N/A 3 upland VPD - table cloth PE Pink film
35 N/A 3 upland VPD - weedwhacker string Nylon Green particle
36 N/A 3 upland VPD - strapping band PP White particle
37 N/A 3 upland VPD - strapping band PP Blue particle
38 N/A 3 upland VPD - corregated yard sign PP Yellow particle
32 N/A 4 Harsens Island - unidentified fibrous material asbestos + calcium carbonate Brown/black particle
33 N/A 4 Harsens Island - unidentified fibrous material asbestos Rust particle
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